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Abstract 
The human Y chromosome is an ancient relic of its autosomal precursor; most of the genes have 
been lost in its 166 million years of separation from the X, and it has drastically shrunken in size. 
The highly degenerated nature of the human sex chromosomes make it impossible to trace the 
events that lead to their inception. Several theories have been proposed for how sex 
chromosomes evolve and the forces that shape their evolution, but complete sequence 
information is needed to test these hypotheses. Sex chromosomes in mammals are ancient, but 
sex chromosomes in fish, birds, and plants are much younger. The sex chromosomes of papaya 
evolved around 7 million years ago, making them an excellent model for studying the early 
stages of sex chromosome evolution. The papaya sex chromosomes are differentiated by an 8.1 
Mbp, recombinationally suppressed, hermaphrodite-specific or male-specific region on the Y 
chromosome (HSY or MSY respectively) and its 3.5 Mb X counterpart. The X and HSY have 
been sequenced completely, shedding light on the early events of sex chromosome evolution.  
From their inception, Y chromosomes in plants and animals are subjected to the powerful effects 
of Müller’s ratchet, a process spurred by suppression of recombination that results in a rapid 
accumulation of mutations and repetitive elements. The HSY has ballooned to 2.5 times the size 
of the X, accumulating a staggering amount of repeat sequences. The papaya Y, in the absence of 
recombination has accumulated nearly 12 times the amount of chloroplast-derived DNA than the 
corresponding region of the X chromosome and 4 times the papaya genome-wide average. 
Furthermore, a chloroplast genome fragment containing the rsp15 gene has been amplified 23 
times in the HSY, evidence of retrotransposon-mediated duplication. The accumulated 
chloroplast DNA is evidence of the slow degeneration of the HSY. 
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 To characterize the forces shaping Y chromosome evolution, we sequenced the MSY 
using a BAC by BAC approach and used whole genome resequencing on 12 cultivated 
hermaphordites and 24 wild males. The MSY and hermaphrodite specific region of the Y
h
 (HSY) 
are highly similar with shared gene content and structure. The Y chromosomes form three 
distinct populations despite otherwise normal gene flow in the autosomes.  Molecular dating 
suggests the hermaphrodite Y chromosome is a product of human domestication about 4,000 
years ago in Mesoamerica  from a wild dioecious population now distributed into the north 
pacific region of Costa Rica. The papaya Y chromosomes have a higher diversity than the 
autosome, contrasting other young chromosome systems.  The autosomal regions and male Y 
chromosome are evolving neutrally, but the HSY is experiencing strong positive selection due to 
a selective sweep during human domestication. This is the first case where human domestication 
resulted in the evolution of a new Y chromosome with novel functions which subject it to unique 
evolutionary constraints.  
The whole genome resequencing data was also used to assess the diversity, population 
structure, and selective forces acting on the X chromosome in papaya. Despite separate breeding 
systems of dioecy and gynodioecy, the X chromosomes are highly similar and cluster into a 
single group. This contrasts the two sub groups (gynodioecy and dioecy) observed in the 
autosome and three sub groups observed in the Y. The X chromosome has a tenfold reduction in 
nucleotide diversity compared to the autosome. This reduced diversity is caused by large scale 
selective sweeps and genetic bottleneck on the X.  The low nucleotide diversity and strong 
selective sweep distinguish papaya from other sex chromosome systems. Together these results 
drastically expand our current knowledge if the evolutionary processes and forces that shape 
young sex chromosome evolution.  
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Chapter 1: Genomics of papaya sex chromosomes, a review
1 
Abstract 
Unlike most flowering plants, papaya is trioecious with separate male, female, and 
hermaphrodite trees. Sex determination in papaya is controlled by a pair of nascent sex 
chromosomes. Female papaya plants have two X chromosomes, and male and hermaphrodite 
papaya have an XY chromosome pair. There are two slightly different Y chromosomes: Y 
controlling male and Y
h
 controlling hermaphrodite sex. Sequencing of the papaya sex 
chromosomes was recently completed, shedding light on the early events in sex chromosome 
evolution. The hermaphrodite specific region of the Y chromosome (HSY) has expanded 
drastically in comparison to its X counterpart, mostly due to retrotransposons and other repetitive 
elements. Gene trafficking, loss and degradation are a prominent feature of the HSY, despite its 
young evolutionary age. Two large scale inversions were detected in the HSY, resulting in 
suppression of recombination and subsequent fixation of sex chromosomes. In this chapter, the 
genetics and genomics of the papaya sex chromosomes are discussed, as well as the major 
findings from the recently completed X and HSY sequences.  
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Introduction: The evolution of sex chromosomes 
Systems for sex determination in plants and animals are remarkably diverse. Sex determination 
can be controlled by simple mechanisms such as a gene with 2 distinct loci, or more complex 
mechanisms in the case of sex chromosomes. Sex chromosomes have evolved numerous times in 
                                                          
1
This chapter appeared in its entirety in: VanBuren R and Ming R (2012) Genomics of papaya sex chromosomes. In 
Genetics and Genomics of Papaya. eds Ming R and Moore PH. Springer. This chapter was reprinted with 
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diverse lineages of plants and animals, and are in the process of evolving in several plant species 
(Graves and Shetty 2001; Tandurdzic and Banks 2004; Ming et al. 2011). Most sex 
chromosomes in mammals are ancient, but sex chromosomes in plants, insects, and some fish are 
much younger, evolving more recently. Sex chromosomes originate from autosomes, and arise 
from the suppression of recombination at sex determination loci (Westergaard 1958; Bergero and 
Charlesworth 2009). Suppression of recombination fixes the sex determination loci, allowing for 
the formation of two distinct chromosome types. The lack of recombination relaxes purifying 
selection in the Y (male heterogametic) or W (female heterogametic) chromosome, causing the 
slow accumulation of deleterious mutations (Bachtrog 2003; Bachtrog and Charlesworth 2003; 
Bergero and Charlesworth 2009). Ultimately this results in degeneracy and eventual loss of the 
heterogametic chromosome. A number of sex chromosomes in diverse stages of evolution have 
been identified (Figure 1.1). In humans, the ancient Y chromosome has diverged and 
degenerated significantly from the X. The Y chromosome is three times smaller than the X and 
has lost 1,393 of its original 1438 genes (Skaletsky et al 2003; Ross et al 2005). At the other 
extreme, the young Y chromosome of white campion, Silene latifolia, has expanded dramatically 
and is currently 570 Mb in size; 150 Mb larger than its X counterpart (Delph et al. 2006 Bergero 
et al. 2007).  Research on the evolution of sex chromosomes is progressing rapidly, yielding 
tremendous insight into the mechanisms that govern the formation, divergence, and maintenance 
of sex chromosomes. Papaya is an excellent model for studying sex chromosome evolution, as its 
young sex chromosomes evolved 3-4 million years ago (MYA) (Yu et al, 2008). The young age 
and sequence similarity of the papaya sex chromosomes allows for the identification of the 
chromosomal rearrangement events leading to their inception. An XY system determines papaya 
sex, with two slightly different Y chromosomes; Yh in hermaphrodites and Y in males (Liu et al. 
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2004). Sequencing of the papaya sex chromosomes was recently completed, and has uncovered a 
number of exciting findings into the origin and rapid evolution of sex chromosomes.   
The vast majority of land plants are hermaphroditic, producing male and female gametes in the 
same plant. Roughly 6% of flowering plants however, are dioecious with separate sexes (Renner 
and Ricklefs 1995). Dioecious plants have unisexual flowers that result from the abortion of 
stamens in female plants, and carpels in male plants. The phylogenetic distribution of dioecious 
plants is widespread yet patchy, indicating that dioecy has evolved independently many times 
(Reviewed in Ming et al 2011). The self-incompatibility of dioecious plants is evolutionarily 
advantageous, as it increases genetic diversity and prevents self-crossing (Charlesworth 1985).  
Papaya is unique as it is trioecious, with three sex types. Varieties of papaya are either dioecious 
with male and female plants, or gymnodioecious with hermaphrodite and female plants. The 
flowers of male, female, and hermaphrodite papaya are morphologically distinct, as are 
hermaphrodite and female fruits (Ming et al. 2007). Male papaya flowers develop at the leaf axis 
and form large, branching clusters with long peduncles. Male flowers are small and slender, with 
a whorl of five stamens surrounding an aborted carpel (Figure 1.2). Female and hermaphrodite 
flowers also arise at the leaf axis, however, they develop singly and have short peduncles. 
Carpeloid flowers are larger than male flowers and have a well-developed carpel surrounded by 
stamens (in the case of hermaphrodites) or lack stamens completely (in the case of females). 
Upon fertilization, hermaphrodite and female flowers develop fruit, which are usually 
harvestable in 4-5 months. Hermaphrodite and female fruits are morphologically distinct, as 
hermaphrodite fruits tend to be elongated, and female fruits are more rounded (Figure 1.3).  
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The initial female and male sterile mutations that trigger sex chromosome evolution can occur in 
a number of developmental genes and on any part of any autosomal chromosome (Wellmer et al, 
2004). The development of unisexual flowers leads to diocey, but the continued recombination 
between the sex determination genes leads to a mixture of sex types in the resulting offspring. In 
the case of wild strawberry, Fragaria virginana, two genes control sex (Spigler et al. 2008). One 
gene leads to male sterility and another leads to female sterility. Recombination between these 
genes results in a mixture of male, female, hermaphrodite, and neuter individuals. These sex 
determination genes have a 5.6 Cm distance between them, and are arguably, in the early stages 
of sex chromosome evolution (Spigler et al. 2008; 2010). Recombination between the sex 
determination genes maintains selective pressures, purifying selection, and genetic diversity, 
preventing the accumulation of deleterious mutations. However, if recombination between these 
loci is suppressed, they will co-segregate, producing only male and female offspring, facilitating 
the inception of sex chromosomes. Suppression of recombination can be triggered by large scale 
inversions, deletions and chromosomal rearrangements.   
The genomics of sex chromosomes are of enormous interest evolutionarily, and until recently, 
the human X and Y chromosomes represent the only complete pair of sequenced sex 
chromosomes. The chimpanzee Y chromosome has also been sequenced, allowing for 
comparative analysis between the diverged human and chimp Y chromosomes (Hughes et al. 
2010). The X chromosome however, remains unsequenced in chimpanzees, preventing within 
species comparison between the diverged X and Y chromosomes. Genome sequencing projects 
typically use the homogametic sex for shotgun sequencing, to alleviate the problems associated 
with assembling the heterogenic X and Y chromosomes. Although a number of complex plant 
and animal genomes have been sequenced, the heterogametic sex determination regions remain 
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largely unsequenced. Furthermore, constructing physical maps of Y or Z chromosome is 
extremely difficult, as the lack of recombination makes it impossible to order BACs via an 
integrated genetic and physical map. Thus, the most accurate and efficient method is a slow and 
reiterative BAC by BAC approach. These constraints have restricted the sequencing of most Y 
and W chromosomes.  
Papaya is a model for sex chromosome evolution 
Many theories regarding the molecular forces that facilitate the initiation of sex chromosomes, 
and the mechanisms driving their divergence and evolution have been proposed (Charlesworth 
and (Charlesworth and Charlesworth 1978; 1993; 2005). These theories are difficult to study 
however, without complete sequence information.  The nascent sex chromosomes of papaya 
evolved 3-4 MYA and offer a unique opportunity to study the characteristics of, and mechanisms 
that govern the early stages of sex chromosome evolution. Mammalian, reptilian, and avian sex 
chromosomes are ancient and highly degenerated, making it impossible to trace their complex 
evolutionary history (Tsuda et al. 2007; Skaletsky et al 2003; Hughes et al. 2010). The papaya 
sex chromosomes are young and still share a high degree of synteny and gene content. 
Conserved regions allow for the rearrangements, inversions, and deletions to be easily identified. 
Furthermore, the papaya sex chromosomes are relatively small (8.1 and 3.5 Mb for HSY and X 
respectively), and the papaya genome has been sequenced with an integrated, high density 
genetic map (Ming et al; 2008).  
Sequencing the papaya sex chromosomes is also important agriculturally. The dominant sex 
determination gene that promotes maleness is likely confined to the HSY (Reviewed in Ming et 
al. 2007). Identification of the stamen promoting gene would allow for the creation of a true 
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breeding hermaphrodite papaya. Growing hermaphrodite papaya can be problematic, as the seeds 
segregate in a 2:1 ratio of hermaphrodite to female. To encourage maximum planting efficiency, 
papaya farmers often plant 10 or more papaya seeds per mound to ensure that each will have a 
mature, fruit producing hermaphrodite tree. When the trees flower, any females and all but one 
hermaphrodite tree are removed by hand. This initial crowding and competition stunts plant 
growth, delays flowering, and makes the plants more susceptible to disease and abiotic stresses. 
Creating a true breeding hermaphrodite papaya would allow farmers to plant one or two seeds 
per mound, without having to screen the trees for sex type. This would revolutionize the modern 
papaya industry. The lack of recombination in the sex determination region however, makes a 
map-based cloning approach impossible, so complete sequencing of the HSY is the most 
efficient way to identify candidate genes.  
A BAC by BAC approach was used to physically map and sequence the papaya sex specific X 
and HSY regions. The HSY and X represent the second set of completely sequenced sex 
chromosomes in any plant or animal. These sequences have uncovered a number of novel 
insights into the nature of sex chromosome evolution, as well as putative sex determination 
genes. In this chapter, an overview of the physical mapping and sequencing of the HSY and X 
are briefly reiterated, and the major findings, implications, and future prospects of the papaya sex 
chromosomes are explored.  
Evidence of sex chromosomes in papaya 
The first indication of sex chromosomes in papaya arose from the unexpected ratios of offspring 
inheritance. When hermaphrodite flowers are self-pollinated, the resulting seeds segregate in a 
2:1 ratio of hermaphrodite to female. If female flowers are fertilized with hermaphrodite pollen, 
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the seeds segregate in a 1:1 hermaphrodite to female ratio, and when fertilized with male pollen, 
segregate in a 1:1 ratio of male to female. Furthermore, when the occasional male fruit is selfed, 
the seeds segregate in a 2:1 ratio of males to females (Storey 1938). These intriguing ratios led to 
the hypothesis that papaya has three distinct sex chromosomes, with a lethal factor in the male 
and hermaphrodite specific regions (Storey 1941).  Males and hermaphrodites are heteromorphic 
with sex chromosomes denoted as Y for males and Yh for hermaphrodites, and females are 
homomorphic with two X chromosomes. Any combination of the YY, YhY, or YhYh genotypes 
is lethal, explaining the 2:1 ratio in selfed hermaphrodite and male trees (Figure 1.4).  
Cytologically, it is impossible to distinguish the heteromorphic sex chromosomes in papaya. 
Papaya chromosomes are all similar in size, and the sex specific regions are too small to 
accurately resolve on the chromosomal level. Early karyotype analyses were useful for 
determining the number of chromosomes in papaya, but the similarities between chromosomes 
made it difficult to assign numbers, let alone differentiate sex chromosomes (Ming et al. 2008). 
Recently however, DAPI staining of pachytene chromosomes revealed consistent 
heterochromatization patterns in the sex specific regions (Zhang et al. 2008). The HSY has 5 
distinct knob structures that lie within the centromeric region, and span 13% of the chromosome 
length. The homologous X chromosome has one only one knob structure, which is shared with 
the HSY (Zheng et al. 2008). The shared knob structures pair accurately during recombination, 
but the area around knob 4 protrudes away from the X region in a curved shape. This curbed 
shape is similar to the loop structure seen when large duplications or deletions occur in one of 
the two chromosomes. The lack of homologous pairing in this region indicates that there is a 
suppression of recombination. These regions were later verified as the X and HSY using 
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Fluorescence in situ hybridization with known X and HSY BACs (Zhang et al. 2008; Wang et al. 
2012).  
Before DAPI chromosome staining, the strongest evidence supporting the theory of nascent sex 
chromosomes in papaya, came from high-density linkage mapping. The high density genetic map 
was initially created for the papaya genome sequencing project, but also served to identify co-
segregating markers. 1,501 markers were screened in 54 F2 offspring derived from crossing 
Kapoho and SunUp commercial cultivars (Blas et al. 2009). The markers were mapped to 12 
linkage groups, corresponding to the 9 papaya chromosomes. 225 of the markers on linkage 
group 1 co-segregated with sex type. This suggested severe suppression of recombination around 
the sex determination loci, a hallmark of sex chromosomes. The genetic map provided the 
foundation for anchoring the draft papaya genome sequences, but the co-segregating markers 
also served as a starting point for physical mapping of the sex chromosomes. 
Physical mapping and sequencing of the papaya sex chromosomes 
The papaya HSY and X are on chromosome 1, and are relatively small, representing around 13% 
of the total chromosome length (Zhang 2010, Liu 2004). The sequences flanking the HSY and X 
represent the pseudo-autosomal regions. The pseudo-autosomal regions are homologous in both 
sexes, and undergo normal recombination and selective pressures. The border sequences of the 
HSY represent the area of transition between the sex specific region and the pseudo-autosome. 
Genetically, the borders are where recombination picks up and genetic marker co-segregation 
ends. On the molecular level, the borders are where the polymorphism between the sexes drops 
to 0, resulting in identical DNA sequences. There is little genetic diversity in papaya haplotypes, 
and residual within genome polymorphisms are estimated to be .06% based on the papaya draft 
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genome sequence (Ming et al, 2008). Thus, the pseudo-autosomal regions should be nearly 
identical, making it easy to accurately identify the border boundaries.   
The positions of the border regions were first defined genetically, by mapping the location of the 
non-recombining region. An F2 population with 1460 plants was established and 32 simple 
sequence repeat (SSR) markers at border A and 43 SSR markers at border B were designed to 
fine map recombination in the X and HSY regions. 5 SSR markers near border A and 2 markers 
near B were polymorphic between the parental cultivars, allowing them to be useful in mapping. 
In border A, one of the markers (spctg177-12) had recombinants, while the other four co-
segregated with sex (Wang et al. 2012). This accurately positioned the non-recombining region 
in border A between spctg177-12 and next distal most co-segregating SSR marker (84M10ctg-
34a/b).  Both of the SSR markers at border B had recombinant offspring, placing the non-
recombining region between a previously identified co-segregating marker, and 58C24-25b, the 
recombining SSR marker closest to the sex specific region. Fine mapping of the non-
recombining region established the initial borders of the HSY and X regions.  
The molecular position of border A has not been reached in the HSY, but it has been mapped and 
sequenced in the X. Border A is adjacent to knob 1 in the HSY and X, and represents a highly 
repetitive, heterochromatic region. Although it was successfully mapped in the X, repeated 
attempts have failed to fill the gaps in the HSY. The Male specific region (MSY) shares 98.8% 
sequence identity with the HSY, and physical mapping of the MSY has filled this gap in border 
A. Sequencing BACs up to the genetic border B revealed continued heterogeneity between the X 
and HSY, so the physical map was extended beyond the genetic border. The similar sequence 
composition of these regions made it difficult to pick and distinguish X and HSY derived BACs. 
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However, after additional BAC sequencing, a region was identified where the SNP and Indel rate 
gradually fell to 0 between the HSY and X BACs, indicating that the molecular border B had 
been reached and the transition between sex chromosome and the pseudo-autosomal region had 
been found. Interestingly, the molecular border extends 277 kb beyond the genetic border. This 
suggests a gradual expansion of the HSY into the pseudo-autosomal region and as expected, the 
autosomal regions in X and Yh chromosomes are homologous. The border sequences at the 
molecular and genetic level accurately defined the sex specific regions, forming the breaking 
points for the physical maps. 
Constructing physical maps of the papaya sex chromosomes was a tedious and laborious process; 
presenting a number of challenges. The sex chromosome regions are pericentromeric, and 
contain a high percentage of repeats (Liu at al. 2004; Zhang et al 2008). The HSY contains 5 
heterochromatic knob structures that are highly repetitive, making it difficult to design probes for 
picking BACs and gap filling (Na et al 2012). The HSY and X sequences have increasing 
sequence similarity near the border regions where the sex chromosomes transition back into 
autosomes. Identifying BACs in these regions was difficult, as probes often hybridized to BACs 
from both sexes, and BAC ends were nearly identical. Recombination is suppressed in the HSY 
and it was impossible to generate an accurate genetic map of the region to anchor and order 
BACs. Several co-segregating SCAR markers provided the starting points for generating the 
physical map, and additional BACs were added to the contigs using BAC end sequences as 
probes. BACs were confirmed to by X or HSY specific using fluorescence in-situ hybridization 
(FISH). FISH was also used to estimate the size of gaps between BACS. After years of 
constructing the physical maps in a BAC by BAC approach, a minimum tiling path was 
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generated consisting of 68 BACs in the HSY totaling 8.1 Mb, and 44 BACs in the X totaling 5.3 
Mb (Wang et al 2012).  
Surprisingly, five knob structures were mapped without a gap in the HSY, and one shared knob 
was mapped in the X. One large gap remains in the HSY near border A and knob 1, where the 
autosome transitions into the sex chromosome. The border A region is heterochromatic, and 
highly repetitive. Despite exhaustive efforts to fill these gaps, no BACs were found. Several 
small gaps remain in the X but the corresponding regions in the HSY are gapless. HSY and X 
BACs were sequenced using the Sanger method. Shotgun libraries were constructed from each 
BAC, and inserts were sequenced and assembled. Each BAC was sequenced to an average of 8-
20X coverage, depending on sequence complexity. Repeat rich regions proved difficult to 
sequence and assemble even using a BAC by BAC approach. Despite this challenge, BAC 
sequences were assembled into pseudomolecules with 15 contigs in the HSY and 12 contigs in 
the X. The annotation and comparative genomics of the papaya sex chromosomes has yielded 
tremendous amount information that not only offers insight into the nature of papaya 
chromosomes, but also the fundamental principles governing sex chromosome evolution.  
Structure of the HSY and X 
The papaya HSY has undergone a significant number of small scale inversions, duplications, 
translocations, deletions, and repeat accumulations, but in terms of gene content, can be divided 
into three distinct regions (Figure 1.5). The first two regions are large scale inversions in the 
HSY with respect to the X, and the third is a collinear region where gene order is shared between 
the X and HSY. The two inversions form two evolutionary strata, indicating that they occurred 
independently, with an estimated divergence from the X of 6.6 MYA and 1.9 MYA for inversion 
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one and two respectively. Inversions in the HSY allow for the recombinational suppression 
needed to maintain sex chromosomes and co-segregation of the sex determination loci. The 
evolutionary strata are based on 64 alignable coding sequences, and to a lesser extent, syntenic 
intergenic regions. The first large-scale inversion is the oldest and most diverged, and likely 
established the initial suppression of recombination and the inception of sex chromosomes. 
Inversion 1 is large, and encompasses almost half of the HSY (3.6 Mb). It contains 21 paired 
genes that have an inverted orientation in the HSY compared to the X.  
The critical sex determination genes that promote stamen development and female sterility are 
likely confined to this region in the HSY. The ancestral papaya progenitor was monecious, but 
acquired mutations in two closely linked genes controlling sex. One gene induced carpel abortion 
and the other induced stamen abortion. Although the genes were closely linked, they still 
segregated in offspring, resulting in a mixture of sex types.  A large scale inversion 
encompassing both of these genes occurred in the HSY, initiating sex chromosome evolution. 
The Y chromosome contains two dominant genes that leads to carpel abortion and promote 
stamen development. The X chromosome contains two recessive genes, one that suppresses 
stamens, and a second that promotes carpels. The Yh chromosome differs from the Y 
chromosome in that it has a recessive gene promoting carpels, explaining the hermaphrodite 
flowers.  
The second inversion is much younger than the first, and occurred approximately 4.7  million 
years later, further expanding the area of recombinational suppression and the sex specific 
regions. The second inversion is slightly smaller than the first, at 3.1Mb.  It is unlikely that the 
second inversion contains the sex determination genes, as it occurred over one million years after 
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the first inversion. The second inversion may however contain genes that have other sex specific 
functions. At least two additional genes are sex specific; one controlling long peduncles, and a 
second that results in embryo lethality. Male papaya flowers are born in clusters with long 
peduncles extending away from the leaf axis. Female and hermaphrodite flowers have much 
shorter peduncles and develop close to the leaf axis. The long peduncles of male flowers are 
desirable agriculturally. If female or hermaphrodite flowers had long peduncles, the fruits would 
be closer to the ground and thus, easier to pick. The functional gene for long peduncles is present 
on the Y chromosome, but not the Yh, as hermaphrodites have short peduncles. Cloning the gene 
responsible for long peduncles would allow for the creation of a hermaphrodite tree with low 
hanging fruit. The HSY also contains a gene that results in embryo abortion. Papaya seeds with a 
combination of two Y or Yh chromosomes abort 25-50 days after pollination, indicating that the 
Y chromosome contains a mutant gene essential for early embryo development. These two genes 
likely reside in the first or second inversions.  
The collinear region is the youngest part of the HSY, with the X and HSY diverging after the 
two large inversions. As the name implies, genes within this region are in the same order in the 
HSY and the X, and have a higher sequence homology than genes in other regions. The collinear 
region is syntenous in the HSY and X, with few small scale duplications, deletions, or 
inversions. The collinear region marks the end of the sex chromosome as it extends past border 
A and into the pseudo-autosome. Although infrequent, recombination likely occurs in this 
region, and gene loci are infrequently exchanged between the X and HSY. It’s unlikely that the 
collinear region contains the sex determination genes, the gene controlling peduncle length, or 
the embryo lethal gene. If the sex determination genes are in this region, they could recombine, 
allowing for females with and Yh chromosome, and males and hermaphrodites with XX. 
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Environmental factors can influence sex, but sex reversals due to recombination have not been 
documented.   
All of the coding transcripts lie within the inversions and collinear regions; yet these regions 
only account for about half of the HSY (Figure 1.6). The expansion blocks in the HSY are barren 
with an extremely low gene density and extensive repeat accumulation, rearrangements, and 
duplications. These regions are not syntenic, and represent expanded areas in the HSY not seen 
in the X. The two largest expansion blocks span 1.7 Mb and 2.4 Mb and are nestled between 
gene islands in the inversions and collinear region. The expansion blocks contain 
heterochromatic knob structures 3, 4, and 5, explaining the high repeat content and low gene 
density.  Repeat percentages in two of these blocks are 84.6% and 87.2%; much higher than the 
77% average seen in the entire the HSY. Most of the sex specific repeats are also confined to this 
region.  
The most prominent characteristic of newly evolved sex chromosomes is the rapid expansion in 
the heterogametic sex. This repeat accumulation and degeneracy of the W or Z chromosome is 
explained by Meullers ratchet (Meuller 1964). Under Meullers ratchet, slightly deleterious 
mutations accumulate, due to transposable element insertion, a high rate of mutation, and 
chromosomal rearrangements (Felsenstein 1974). These factors are usually removed by purifying 
selection and recombination, but in sex chromosomes, there is no recombination, and purifying 
selection is too weak to repair or replace deleterious mutations. Thus, mutations accumulate, 
unhindered, until the Y or W chromosome degenerates completely and is lost (Westergaard 
1958; Steinemann and Steinemann 2005). Meullers ratchet is often cited as the driving force for 
evolving recombination mechanisms and also as the primary cause for degeneration. The human 
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Y chromosome has been subject to the pressures of Meullers ratchet for 166 million years. As a 
result, it has lost 1,393 of its original 1,438 genes and is three times smaller than its X 
counterpart (Skaletsky et al 2003). However, in the initial phases of sex chromosome evolution, 
repetitive elements rapidly accumulate. Repeat accumulation leads to the degeneration of X and 
Y gene pairs, until functional copies of Y paired genes are no longer present. Then, the process 
of expansion reverses, and the Y chromosome slowly shrinks (Steinemann and Steinemann 
2005). The nascent papaya sex chromosomes are young, and the HSY is expanding rapidly.  
Repetitive element accumulation and expansion 
The papaya HSY is highly repetitive, and these repeats are the cause of its rapid and dramatic 
expansion. Overall, 77.9% of the HSY and 59.4% of the X is composed of repetitive elements. 
These percentages are higher than the papaya whole genome average of 51.9%, indicating that 
expansion and repeat accumulation has occurred extensively in both the HSY and X (Ming et al. 
2008; Wang et al 2012). Most repeats are long terminal repeats (LTR) which are characteristic of 
retrotransposon insertions. Most of the retrotransposons are Ty3-gypsy elements with an 
increased abundance of 20% in the HSY and 10% in the X in comparison to the genome wide 
average. Although repetitive elements are particularly abundant in most plant genomes, purifying 
selection with homologous chromosomes has helped to slow their accumulation. Suppression of 
recombination in the HSY eliminates purifying selection. Consequently, this resulted in the 
accumulation of an enormous amount of repeats in a relatively short evolutionary time frame of 
2-3 million years. DNA transposons are also found in the HSY and X, but are much less 
abundant. Despite the fact that inversion 1 is considerably older and more diverged than other 
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regions in the HSY, it contains relatively the same percentage of repeats. This could however, be 
due to degradation of early retroelement insertions.  
            Aside from the abundance of Ty3-gypsy elements in the HSY, sex specific repeats have 
also been found. This is intriguing and unexpected, as during the 3 million years of evolution and 
divergence from the autosome, new repeats emerged not seen anywhere else in the genome. One 
novel sex specific repeat was found in the X (representing 3.5% of the total sequence), and 20 
novel repeats were found in the HSY (representing 10.7% of the total sequence). It’s difficult to 
speculate where these repeats originated, but further annotation and classification may shed light 
on their origin. It is also possible that these repeats originated from unassembled regions in the 
papaya draft genome. The draft genome is far from complete, and the majority of sequence gaps 
represent highly repetitive regions.  
Although the majority of repeats in the sex chromosomes are LTRs and retrotransposons, there 
are other types of repeats, duplications, and organelle genome insertions. Inverted repeats are 
especially abundant in the HSY, with 5,972 repeats ranging in size from 500bp to 28Kb. The 
inverted repeats are distributed unevenly in the HSY, with most localized at the knob structures 
and near border A. Nine of the ten largest inverted repeats are located near border A, and they 
represent a significant portion of the finished sequence. The X chromosome is also rich in 
inverted repeats with 2,642 repeats ranging from 500bp to 17kb. The largest X inverted repeats 
are also near knob one and border A. Inverted repeats mark the boundaries of transposons, and 
the high proportion of inverted repeats correlates to the high percentage of transposons. In the 
human Y, enormous, highly homologous inverted repeats encompass 15 genes that are 
predominantly testes specific (Rosen et al. 2003). The palindromic inverted repeats in the human 
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Y have almost identical genes in each of their two arms, which are maintained by gene 
conversion despite the lack of meiotic recombination. This indicates that the human Y has 
evolved mechanisms to prevent further gene degeneration of essential genes. Although the HSY 
in papaya has a large number of inverted repeats, palindrome sequences have not evolved to 
prevent degeneration and combat Muellers ratchet.   
The HSY has a disproportionally high percentage of organelle derived sequences. Organelle 
genome integration is a common feature of plant nuclear genomes. Organelle genomes were 
once comparable in size to cyanobacteria, but in the roughly 2 billion years since their inception, 
have dramatically shrunk to the size of plasmids. Nuclear genomes are the recipients of these lost 
sequences, and have subsequently expanded drastically in both size and metabolic function 
(Timmis et al. 2005). Organelle to nucleus transfers are still occurring, with both beneficial and 
deleterious effects. The Arabidopsis genome for instance, contains a large 620kb mitochondrial 
DNA insertion, and 17 chloroplast insertions totaling 11kb (The Arabidopsis genome initiative 
2000). The papaya genome contains 786 kb and 858 kb of interspersed chloroplast and 
mitochondria sequences respectively. Overall the chloroplast sequences represent .28% of the 
genome, and mitochondria represent .3% of the papaya genome. Purifying selection reduces the 
fixation of organelle sequences in the nuclear genome. Without this selection however, the rate 
of organelle integration is much higher. In the HSY chloroplast DNA insertions are numerous 
and three times the genome average, encompassing 94Kb (1.15%) of the overall sequence. Most 
of the integrated sequences have greater than 95% similarity to the chloroplast genome, 
indicating that insertion occurred recently. A majority of the chloroplast derived sequences are 
located in the expanded regions of the HSY, and in the knob structures. The X region however, 
contains fewer chloroplast sequences than the genome wide average, with 10kb chloroplast 
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sequences or .18% of the total X region. Mitochondria insertions in the X and HSY are less than 
the genome wide average.  
Despite the precocious nature of papaya sex chromosomes, extensive Y chromosome 
degradation has already occurred. The earliest and strongest evidence of this is the lethality of 
offspring with two Y or Yh chromosomes. Hermaphrodite papaya fruits can contain upwards of 
500 seeds, but roughly 25% of them are small, white and aborted. When hermaphrodite flowers 
are selfed, 50% of the seeds are hermaphrodite (XY genotype), 25 % are female (XX genotype), 
and 25% are aborted (YhYh), and fail to germinate. The embryo lethality of the YhYh genotype 
indicates that a metabolic house-keeping gene, or a gene involved in early embryo development 
is mutated and nonfunctional in the Yh chromosome. Without an X chromosome to balance this 
recessive mutation and facilitate normal development, these seeds abort 25-50 days after 
fertilization. The suppression of recombination in the Yh inhibits the purifying selection needed 
to eliminate the recessive loss of function mutation from the population. The lethal factor on the 
Y and Yh chromosomes is an indication of the degenerative powers of Mueller’s ratchet.  
Gene content and trafficking in the HSY and X 
Evidence of Muller’s ratchet is a prominent in the papaya sex chromosomes, as the HSY has an 
extremely low gene density relative to the autosome, and it has a higher percentage of 
pseudogenes compared to the X. A total of 96 transcripts have been annotated in the HSY, and 
98 have been annotated in the X. Transcribed gene products were identified using a combination 
of papaya expressed sequence tags (EST) and gene models, as well as two gene prediction 
programs. Coding sequences were verified using RT-PCR, and the resulting products were 
sequenced to alleviate the high false discovery rate.  64 of the gene products are paired between 
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the X and HSY, 29 are X specific and 22 are HSY specific. Most of the paired genes code for 
full length, functional proteins, but several are classified as pseudogenes. Pseudogenes represent 
transcripts with premature stop codons, truncated protein products, or frame shift mutations that 
result in a nonfunctional protein. Pseudogenes can result from transposon insertion into genic 
regions, non-synonymous substitutions, and deletions that cause frame-shift mutations. The 
number of pseudogenes in the HSY may be an underestimation, as proteins can lose function due 
to non-synonymous mutations that result in a change in amino acids, but not necessarily a 
truncated protein with a premature stop codon.  
Of the transcribed units, nearly all of the paired genes (98%) have homology to known proteins 
in the NCBI database. The paired genes have a range of functions, from metabolic housekeeping 
genes such as formate dehydrogenase, to specific developmental genes like flowering locus T 
(Wang et al. 2012). When sex chromosomes initially evolve, they cause the co-segregation of not 
only the sex determination genes, but also any flanking autosomal genes (Rice 1978). 
Suppression of recombination subjects the paired genes to the forces of Mullers ratchet, causing 
them to degenerate. In the human Y chromosome, most of the genes from the ancestral autosome 
have either been deleted, truncated, or acquired missense mutations. 15 of the genes are 
protected from degeneration via gene conversion between the palindromic inverted repeats 
(Rosen et al, 2003). The palindromic sequences protect essential genes, but the remainder will 
likely degrade. Gene content is extensively eroded in mammalian heterogametic chromosomes 
because of their ancestral states. Recently emerged sex chromosomes show varying levels of 
gene erosion. The average expression ratio of paired genes on the Y chromosome of Selene is 
less than one, indicating that degeneration is already underway. Degeneration of paired genes in 
papaya is apparently less, as expression ratios between the sexes are around one. 
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Twenty two Y specific genes reside in the HSY. Y specific gene trafficking is the result of 
retrotransposon-mediate translocation from the autosome. Newly acquired retrotransposons are 
abundant in the HSY, and upon their transposition, often bring flanking genome sequences with 
them. Transcription of active retrotransposons can extend beyond the long terminal repeats and 
into the surrounding genome sequence. Reverse transcriptase converts this RNA intermediate 
into extrachromosomal DNA which is then inserted randomly back into the genome (Havecker et 
al. 2004). The newly integrated retro-transposons can bring along full length genes. Deleterious 
retrotransposons that integrate into genic regions are removed from the population by purifying 
selection. The lack of recombination in the HSY prevents the removal of deleterious insertions, 
contributing to its degeneration. Several protein coding genes are truncated in the HSY; likely 
the result of transposon integration. Retrotransposon insertion can be beneficial however, as it 
can foster gene duplication. Six of the HSY specific genes have a high homology to the 
autosome, suggesting that they could be the result of retrotransposon mediated trafficking. Genes 
from the autosome can undergo duplication and translocation, allowing them to take on new 
functions.  
Much of our understanding into the nature of sex chromosome evolution has come from studying 
gene loss, rearrangements, and repeat content in the heterogametic sex chromosome (Y or W). In 
mammals, studying the homogametic sex chromosome is more difficult, as the autosomal 
regions corresponding to the sex chromosomes have long since disappeared. Genome wide 
comparison of the Z chromosome in chicken and X chromosome in human revealed significantly 
lower gene content, and higher repeat composition in the sex chromosomes (Bellott et al, 2010). 
Studying X chromosome expansion in papaya is straight forward, as a closely related monecious 
species serves as a valuable reference for comparison. Vasconcella monoica is the only 
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monecious members in the Caricaceae family, bearing complete flowers and an absence of sex 
chromosomes. Furthermore, V. monoica diverged from papaya roughly 28 MYA, making it a 
valuable outgroup (Wu et al. 2010; Gshwend et al; 2012). Since V. monoica has an orthologous 
autosomal region corresponding to the X in papaya, changes in gene content, organization, and 
repeat accumulation can be accurately deciphered. 
The X chromosome in papaya has changed significantly in comparison to the orthologous region 
in V. monoica, dismissing the notion that X chromosomes remains relatively static throughout 
evolution (Gshwend et al, 2012). Significant repeat accumulations, gene losses and gains, and 
rearrangements were found in the X chromosome. 11 BACs (totaling 1.1 Mb) were sequenced 
from monoica, corresponding to 2.56 Mb of the X. 18 transcription units were annotated in the X 
and 19 were annotated in monoica. 10 of the genes are monoica specific, and 9 are papaya 
specific, suggesting significant divergence and changes in gene content. Five syntenic regions 
are shared between monoica and papaya, and show marked expansion in papaya. The V. monoica 
genome is estimated to be 630 Mb (Ming, unpublished data), which is almost 40% larger than 
the papaya genome estimate (Arumuganathan and Earle 1991). The V. monoica genome contains 
a higher percentage of repeats, and should show expansion in comparison to the X, as seen in 
syntenic papaya genome regions. Instead, the X regions show expansion, indicating that it has 
diverged significantly from the autosomal precursor.  The structural changes displayed by the X 
are likely due to a lack of recombination in the heterogametic male or hermaphrodite sex, as the 
X and Y or Yh cannot recombine. Orthologous sequence comparisons provide direct evidence 
that the X chromosome is evolving faster than the autosome.  
Concluding remarks and future prospects 
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The papaya X and HSY represent only the second complete pair of sequenced sex-specific 
regions. Physical mapping of the sex chromosomes was a difficult and reiterative process that 
began with the identification of several co-segregating sex specific markers. Three large contigs 
consisting of BACs joined through fingerprint mapping were anchored to the papaya HSY using 
sex specific SCAR markers. A BAC by BAC approach was applied to extend the contigs until 
nearly complete physical maps were generated. BACs were sequenced and assembled to produce 
an 8.1 Mb pseudomolecule in the HSY, and a 3.5 Mb pseudomolecule in the X. Repeat content is 
significantly higher in the HSY, and retrotransposons are the driving force of the expansion. 
Gene loss, truncation, and rearrangements are a prominent feature of the HSY. Syntenic analysis 
between alignable transcripts revealed three distinct regions. The first two regions are large scale 
inversions that form separate evolutionary strata. The third is a collinear region where gene 
content and order are relatively the same. The first large scale inversion likely spurred the 
initiation of sex chromosomes, and the second inversion expanded the size of the HSY. 
Expansion and gene loss was also detected in the X. An orthologous, autosomal region 
corresponding to the X was sequenced and annotated from V. monoica, revealing repeat 
expansion and gene trafficking.  The fine resolution of the sequenced sex-specific regions clearly 
shows two large scale inversions that fostered the suppression of recombination necessary for 
emerging sex chromosomes. Suppression of recombination subjected the HSY to the powerful 
forces of Meuller’s ratchet, causing rapid expansion and degeneration. The young age of the 
papaya sex chromosomes makes them an important tool for studying the early events of sex 
chromosome evolution.  
Discovering the sex determination gene controlling stamen development would revolutionize the 
papaya industry. Successful transformation of the stamen promoting gene will complement the 
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loss of function mutation in the female X chromosomes, resulting in hermaphrodite papaya. 
Agriculturally, the segregation of hermaphrodite seeds is laborious and costly.  Female trees are 
undesirable, as they can’t self-fertilize, so they must be manually removed by hand. A map based 
approach for identifying the sex determination genes is not possible in papaya because of the 
lack of recombination in the sex determination regions. Thus, the most feasibly way to identify 
candidate genes is through physical mapping, sequencing, and complete annotation of the sex 
chromosomes. Annotation has revealed a number of strong candidate genes for sex 
determination. Analyzing expression of these genes in sex reversal mutants will help facilitate 
the identification of sex determination genes, ultimately resulting in the generation of a true 
breeding hermaphrodite papaya.  
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Figures 
 
Figure 1.1. Organization of sex chromosomes in select species. The size and degeneracy of sex 
chromosomes changes rapidly at different stages of sex chromosome evolution. Papaya, in the 
early stages of sex chromosome evolution, has relatively small sex determination regions and 
divergence from the X (Y=50 Mb, X=46 Mb). S latifolia shows dramatic expansion in the 
heterogametic Y chromosome (Y= 570 Mb, X= 420 Mb). Human sex chromosomes are the most 
ancient, with significant deletion and degeneracy in the Y chromosome (Y=66 Mb, X=155 Mb).  
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Figure 1.2. Flower morphology in trioecious papaya. The flowers of male, female, and 
hermaphrodite papaya are morphologically distinct. A. Male flowers are borne in large, 
branching clusters, with five well developed stamens surrounding an aborted carpel. B. 
Hermaphrodite flowers develop singly, with short peduncles and five stamens surrounding a 
fully developed carpel. C. Female flowers are similar to hermaphrodite flowers except they have 
no traces of stamens.  
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Figure 1.3. Papaya fruit morphology. Papaya fruits are borne from female and hermaphrodite 
flowers, containing 500-1000 mature seeds. Female and hermaphrodite papaya have distinct 
fruits. A. Hermaphrodite fruits are more elongated and B. female fruits are more rounded.  
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Figure 1.4. Sex chromosome segregation ratios. A cross between male and female flowers 
produces offspring with a ratio of 50% male (XY) and 50% female (XX). Self crossed 
hermaphrodites produce 25% females (XX), 50% hermaphrodites (XY
h
), and 25% aborted seeds 
(Y
h
Y
h
).  
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Figure 1.5. Structure and expansion of the HSY. The inception of sex chromosomes in papaya 
was triggered by a large scale inversion (red). The inverted region went through subsequent 
rearrangements and drastic expansion in the HSY. A second inversion extended the HSY (blue). 
This inversion occurred later, but also caused significant expansion in the HSY.  
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Figure 1.6 
 
Figure 1.6. Gene content, expansion, and rearrangements in the X and HSY. The 70 alignable 
transcripts are positioned in black, and knob structures are shown in grey. Knob 1 is shared 
between X and HSY (although it hasn’t been sequenced in the HSY), and Knobs 2-5 are HSY 
specific. Transcripts are contained in the two inversion regions, and the collinear region. 
Subsequent rearrangements have changed the gene order significantly in X and HSY, and the 
expansion blocks in the HSY are gene poor.  
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Chapter 2: Repeat accumulation and gene trafficking in the nascent sex chromosomes of 
papaya
2
  
Abstract 
From their inception, Y chromosomes in plants and animals are subjected to the powerful effects 
of Mueller’s ratchet, a process spurred by suppression of recombination that results in a rapid 
accumulation of mutations and repetitive elements.  These mutations eventually lead to gene loss 
and degeneration of the Y chromosome.  Y chromosomes in mammals are ancient, whereas most 
sex chromosomes in plants and many in insects and fish evolved recently. Sex type in papaya is 
controlled by a pair of nascent sex chromosomes that evolved around 7 million years ago. The 
papaya X and Y
h
 were recently sequenced, providing valuable insight into the early stages of sex 
chromosome evolution. Here we discuss the fruits of this work with a focus on the repeat 
accumulation, gene trafficking, and promiscuous DNA sequences found in the slowly 
degenerating Y
h
  chromosome of papaya.  
 
Papaya as a model for sex chromosome evolution 
Sex chromosomes are widespread in plants and animals, and they have evolved independently 
numerous times (Graves et al. 2001; Ming et al. 2011). But despite their independent origins, sex 
chromosomes are all shaped by a common set of forces and share a number of features. Sex 
chromosomes evolve from autosomes and arise through suppression of recombination around 
                                                          
2
 This chapter appeared in its entirety in VanBuren R, Ming R. 2013 Dynamic transposable element accumulation in 
the nascent sex chromosomes of papaya. Mobile Genetic Elements 3:1-5. This chapter was reprinted with 
permission from the publisher. 
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sex determination loci. The lack of recombination fixes the genes that control sex, fostering 
separate male and female individuals.  Once the recombination ceased, the sex chromosomes 
diverge, creating distinct chromosome types. In humans, males are heterogametics with XY 
chromosomes, whereas in birds, females are heterogametic with ZW chromosomes.   
Without recombination, purifying selection is relaxed in Y and W chromosomes, causing a slow 
accumulation of deleterious mutations through a process known as Muller’s ratchet (Muller 
1964). Recombination removes harmful mutations, but in the case of heteromorphic sex 
chromosomes, there is no homologous chromosome to recombine with, and this process is 
eliminated. Furthermore, selection of favorable alleles can “hitchhike” along mildly deleterious 
mutations (Rice 1987). The accumulation of deleterious mutations eventually causes the Y and 
W chromosomes to degenerate, rapidly losing genes and gaining repeat sequences. Y 
chromosomes from plants and animals vary in age and are at different stages of evolution. 
Mammalian Y chromosomes are the most ancient, evolving around 166 million years ago 
(Veyrunes et al. 2008). The human Y chromosome is extensively degraded and three times 
smaller than the X, retaining only 78 genes in the male specific region (Skaletsky et al. 2003).  In 
contrast, the young Y chromosome of white campion, Silene latifolia,  evolved about 10 million 
years ago and has since ballooned to 570 Mb in size; 150 Mb larger than its X counterpart 
(Delph et al. 2010; Bergero et al. 2007). The sex chromosomes in papaya are young with limited 
gene loss and expansion, serving as a model for the early stages of sex chromosome evolution.  
Sex determination in papaya (Carica papaya L.) is controlled by a pair of nascent sex 
chromosomes, differentiated by an 8.1 Mbp, recombinationally suppressed, hermaphrodite-
specific region on the Y chromosome (HSY) (Na et al. 2012). There are two slightly different Y 
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chromosomes in papaya: Y controlling male and Y
h
 controlling hermaphrodite sex. Any 
combination of the Y and Y
h
 chromosomes, YY, Y Y
h
, and Y
h
 Y
h
, are lethal resulting in 
genotypes of XY, X Y
h
 and XX for males, hermaphrodites, and females respectively. The X and 
Y
h 
chromosome (here on referred to as HSY) of papaya were recently sequenced and annotated 
using a tedious BAC by BAC approach (Wang et al. 2012; Gschwend et al. 2012). Together, we 
sequenced a total of 68 overlapping BACs for the 8.1 Mb HSY and 43 BACs for the 3.5 Mb X. 
The papaya X and HSY represent the second pair of sex chromosomes to be completely 
sequenced, and have uncovered a number of findings in the early stages of sex chromosome 
evolution.   
Retrotransposon accumulation and novel sex specific repeats 
Repeat accumulation is common in Y chromosomes from animals (Steinemenn et al. 2005; 
Erlandsson et al. 2000), and has recently been documented in several plants, including hemp 
(Cannabis stativa) (Sakamoto et al. 2000); liverwort (Marchantia polymorpha) (Okada et al. 
2001); white campion (Silene latifolia) (Grant et al. 1994); and papaya (Liu et al. 2004). The 
overabundance of repeat sequences in sex chromosomes is due to suppressed recombination and 
the lack of a mechanism to remove them.  
The papaya HSY is largely repetitive, and the accumulation of repeats accounts for much of its 
expansion in relation to the X. 79.3% of the HSY sequence is composed of repeat sequences, 
compared to 67.2% of the X (Wang et al. 2012). The papaya genome is about 51% repetitive 
(Ming et al. 2008), suggesting that repeat accumulation has occurred extensively in both the X 
and HSY. A closer look at the repeats indicates that most are retroelements with an abundance of 
Ty1-copia and Ty3-gypsy retrotransposons (Figure 2.1). Ty3-gypsey elements are twice as 
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abundant in the X and HSY as in the autosome, with Ty1-copia elements showing a similar but 
less remarkable expansion. DNA transposons are found in both the X and HSY, but at numbers 
comparable to the autosome. The origin and classification of many transposable elements in the 
papaya HSY is unknown, as repeated integration and shuffling has fragmented many of the 
repeats. In addition to the transposable elements, we identified 157 pairs of direct and inverted 
duplications that represent 6% of the HSY. This is remarkably higher than the X which contains 
8 pairs of duplications which make up a mere 0.5% of the total sequence (Wang et al. 2012).  
Two sequence blocks account for much of the expansion seen in the HSY. These blocks are 
mostly composed of repeats, with 84.6% and 87.2% of the sequences identified as repetitive. 
Ty3-gypsy elements are the most abundant repeat in these regions, followed by other 
retroelements, inverted duplications, microsatellites, and unclassified sex specific repeats. Not 
surprisingly, the expansion blocks are extremely gene poor and correspond to the 
heterochromatic knob structures found on the HSY. The expanded regions have no homology to 
the X, suggesting they arose after divergence. Free from the selective pressures enforced by 
recombination, these regions gradually expanded, accumulating more repeats.  
We identified 21 sex specific repeats (20 in HSY and 1 in X) which are absent from the 
autosome and have no homology to other plant repeats.  Sex specific repeats in the HSY are 
mostly localized to the heterochromatic regions and together represent 10.7% of the total 
sequence. X specific repeats are more dispersed and constitute 3.5% of the sequence. The origin 
of the sex specific repeats in papaya is unknown, but this phenomenon is common in plant sex 
chromosomes. Hemp contains male specific LINE-like retrotransposons, and in liverwort, sex 
specific repeats harbor male specific genes (Sakamoto et al. 2000).  
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Gene loss and trafficking in the HSY 
The Y chromosome in humans is an ancient relic of the acestral autocome from which the X and 
Y have diverged; it is largely degenerated, having lost vast majority of its original gene content 
throughout the course of its evolution. The papaya sex chromosomes are much younger, and 
most genes are conserved between the X and HSY. 106 protein coding genes were identified in 
the X and HSY, including 50 paired genes found in both chromosomes as well as 22 HSY-
specific and 34X-specific genes. One quarter of the genes found in the HSY are pseudogenes, 
compared to 14% in the X. The high percentage of pseudogenes in the HSY are likely a result of 
Müllers ratchet, and the inability to select against slightly deleterious mutations. The HSY has 
lost at least one essential gene to the forces of Müllers ratchet, as the Y
h
 Y
h
 genotype is lethal, 
and embryos abort 25 - 50 days after pollination (Chiu 2000). Gene density in the HSY is seven 
times lower than the genome-wide-average with one gene per 112.5kb (Figure 2.1). The low 
gene density is the consequence of accumulation of repetitive sequences and degeneration of its 
gene content.  
We used the 50 paired genes to survey the syneny relationship between the X and HSY. Three 
distinct regions are evident, including two large scale inversions and a collinear region (Figure 
2.1). Genes in the two large inversions form distinct evolutionary strata are the results of that the 
first inversion occurred about 5 million years million years before the second, which occurred 
about 1.9 million years ago. The first inversion likely contains the sex determination loci, and the 
lack of recombination in this inverted region spurred the development of sex chromosomes. The 
second inversion expanded the size of the HSY.  Genes are conserved and collinear in the third 
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region and sequence differences gradually fade to zero as the sex chromosome transitions to the 
pseudoautosomal region. 
Ten of the HSY specific genes we identified have copies elsewhere in the genome, including 
seven protein coding genes and three pseudogenes, and are likely the result of translocation from 
the autosome. Translocated genes are the product of two similar mechanisms: transposons 
capturing portions of neighboring genes through transduplication (Freeling et al. 2008) or intron-
less mRNAs that is reverse transcribed and integrated into a new chromosomal location via 
retrotransposition (Neufeld et al. 1991). Most transposed genes are pseudogenes containing a few 
exons from the autosomal copy, but the rest are free to mutate and acquire novel functions. 
Newly acquired genes that are absent from the X may play a role in sex determination, or sex 
specific traits such as flower and fruit morphology. Most of the autosome derived genes in the 
HSY are less than 300 bp and display no homology to known proteins, with a few notable 
exceptions. CpYh19 contains a partial MADS box domain sequence and may be involved in 
flower development. PCpYh1 has homology to HB22 from Arabidopsis, a Zinc finger 
homeodomain protein involved in embryo development and seed dormancy (Pagnussat et al. 
2005). Translocated genes with known functions also include an ATP synthase subunit and 
photosystem II protein D1. In S. latifolia, a gene involved in floral development AP3Y, was 
translocated from the autosome to the Y chromosome, and may be involved in sex determination 
(Matsunaga et al. 2003). A similar phenomenon may be occurring in papaya, several of these 
translocated genes on the HSY could play a role in sexual reproduction.  
Chloroplast DNA accumulation in the absence of recombination 
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Organelle derived sequences are abundant in plant nuclear genomes, and organelle to nucleus 
transfers are common. The Arabidopsis genome for instance, contains a 620kb fragment of 
mitochondria DNA, and the rice genome contains a 113kb fragment of chloroplast DNA (Lin et 
al. 1999). The papaya genome contains a number of insertions totaling 785,000 bp of chloroplast 
and 858,190 bp of mitochondria DNA, representing 0.28% and 0.31% of the genome 
respectively. Most nuclear chloroplast DNAs are less than 1kb in length, as insertions are quickly 
shuffled and eliminated, with an estimated 80% of insertions lost within a million years of 
integration (Matsuo et al. 2005).   
In the absence of recombination, the papaya HSY has accumulated a staggering amount of 
chloroplast DNA (Figure 2.1). The HSY has 195 insertions totaling 93,824bp, representing 
1.15% of the total sequence (VanBuren and Ming 2013). Chloroplast insertions are four times 
higher than the genome average and twelve times higher than the X chromosomes. Insertions 
range in size from 50-4,500 bp including 20 insertions larger than 1kb. In the autosome, these 
large fragments would have been shuffled and eventually lost due to recombination, but the lack 
of recombination in the HSY has instead, fixed them.  
Perhaps the most interesting feature of the accumulated chloroplast DNA is a fragment of the 
chloroplast genome containing the rsp15 gene scattered throughout the HSY 23 times.  These 
rsp15 fragments are nearly identical to each other but divergent from the chloroplast with 
estimated insertion times ranging from 20-25 million years ago, well before the inception of sex 
chromosomes in papaya. It is unlikely that the rsp15 fragments arose from independent insertion 
events; they were probably transposed across the HSY tagging along with active 
retrotransposons. Indeed, intact retrotransposons are found in close proximity to most rsp15 
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fragments, supporting this hypothesis. No copies of the rsp15 fragment are found elsewhere in 
the papaya genome or in the X chromosome.  
Interestingly, only 10% of the chloroplast fragments are shared between the X and HSY. Most 
fragments either integrated after sex chromosome inception, or were eliminated from one of the 
sexes. The lack of recombination and prevalence of large fragments in the HSY suggests 
elimination isn’t responsible. Unlike chloroplast insertions, mitochondria genome insertions are 
less abundant in the HSY than the rest of the papaya genome, encompassing only 16,458 bp or 
0.1% of the total sequence. Mitochondria insertions are short with an average size of 310 bp and 
only two are larger than 1kb. Chloroplast and mitochondria integrations are equally prevalent in 
the papaya autosome, raising the question of why chloroplast integrations are more frequent in 
the HSY.  
Organelle DNA accumulation isn’t limited to the papaya HSY; the Y chromosome of humans 
has been shown to preferentially accumulate mitochondrial DNA (Richetti et al. 1999), and the Y 
chromosome of S. latifolia is accumulating chloroplast DNA (Kejnovsky et al. 2006).  In 
contrast to the papaya HSY, the Y chromosome in liverwort contains hundreds of mitochondria 
derived sequences, but only 3 plastid insertions (Yamato et al. 2007).  The accumulation of 
organelle DNA is a result of suppressed recombination, but a mechanism explaining the 
preference of mitochondrial or chloroplast sequences is currently unknown. Sequencing 
additional plant sex chromosomes may shed light on this phenomenon.  
Future prospects of sex chromosome evolution 
The study of sex chromosome evolution is often hindered by a lack of complete sequence 
information. Until recently, only the Y chromosomes from humans, rhesus monkey, chimpanzee, 
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and liverwort, and the chicken Z were available for comparative analysis. Sequencing sex 
chromosomes is difficult, as the heteromorphic chromosomes are highly repetitive, contain 
duplicated regions, and have areas of homology between the chromosome types, making whole 
genome shotgun sequencing not suitable for assembling sex chromosomes.  This is further 
complicated by the lack of informative genetic markers for sequence anchoring and orientation 
due to the suppressed recombination in the Y or Z chromosome. Even with current next 
generation sequencing technologies, the best approach for sequencing sex chromosomes is a 
laborious and tedious BAC by BAC approach.   
The absence of recombination wreaks havoc on the gene content and structure in heteromorphic 
sex chromosomes. Ancient Y chromosomes like those found in humans and other mammals are 
highly degenerate, gene poor, and are drastically shrunken in size compared to their 
corresponding X chromosomes. It’s difficult to trace the events that shaped these ancient Y 
chromosomes or the early stages of their evolution. The papaya X and Y
h
 are only 7 million 
years old, and provide detailed information of what occurs early on in sex chromosome evolution 
in this sex chromosome system.  
Despite its young age, the papaya HSY is already showing signs of degeneration with changes in 
gene content and repeat expansion. Retrotransposons have expanded the HSY to almost three 
times the size of the X, and have translocated 10 genes from the autosome in the process. In 
addition to the Ty3-gyspy retrotransposons and Ty1-copia elements, we identified over 20 HSY 
specific repeats which together, represent 10% of the total sequence. Furthermore, a fragment of 
the chloroplast genome has translocated 23 times in the HSY, evidence of highly active 
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retrotransposons. Chloroplast integrations are far more common in the HSY than the rest of the 
genome, reflecting the function of recombination to shuffle and eliminate promiscuous DNA.  
Sex chromosomes in  plants display a range of evolutionary stages including incipient, early 
stage, and late stage. To understand the underlying processes controlling sex chromosomes 
evolution, it is necessary to study organisms with sex chromosomes at each of these stages. The 
sequenced sex chromosomes in papaya shed light on these processes, but sequencing sex 
chromosomes at additional stages is needed for a more complete picture of how sex 
chromosomes evolve.  
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Figures 
Figure 2.1. Sequence comparison of the HSY and X chromosomes of papaya. Major DNA 
components were classified into exons (blue) and retrotransposons (cyan) and plotted using a 
sliding window of 50kb and a shift of 10kb. The grey portion represents unclassified DNA 
content. Heatmaps showing relative abundance of exons, retrotransposon, and chloroplast 
fragments were plotted from low (blue), medium (yellow), high (red) ranges.  Paired genes in the 
X and HSY are connected using blue lines and clearly show the two large scale inversions and 
the collinear region.  
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Chapter 3: Organelle DNA accumulation in the recently evolved papaya sex chromosomes
3
 
 
Abstract 
Sex chromosomes are a pair of specialized chromosomes containing a sex determination region 
that is suppressed for recombination. Without recombination, Y chromosomes are thought to 
accumulate repetitive DNA sequences which contribute to their degeneration. A pair of primitive 
sex chromosomes controls sex type in papaya with male and hermaphrodite determined by the 
slightly different male-specific region of the Y (MSY) and hermaphrodite-specific region of Y
h
 
(HSY) chromosomes, respectively. Here, we show that the papaya HSY and MSY in the absence 
of recombination have accumulated nearly 12 times the amount of chloroplast-derived DNA than 
the corresponding region of the X chromosome and 4 times the papaya genome-wide average. 
Furthermore, a chloroplast genome fragment containing the rsp15 gene has been amplified 23 
times in the HSY, evidence of retrotransposon-mediated duplication. Surprisingly, mitochondria-
derived sequences are less abundant in the X and HSY compared to the whole genome. Shared 
organelle integrations are sparse between X and HSY, with only 11 % of chloroplast and 12 % of 
mitochondria fragments conserved, respectively, suggesting that the accelerated accumulation of 
organelle DNA occurred after the HSY was suppressed for recombination. Most of the organelle-
derived sequences have divergence times of <7 MYA, reinforcing this notion. The accumulated 
chloroplast DNA is evidence of the slow degeneration of the HSY. 
 
 
                                                          
3
 This chapter appeared in its entirety in: VanBuren R and Ming R (2013) Organelle DNA accumulation in the 
recently evolved papaya sex chromosomes. Mol Genet Genom 288:277-284. This chapter was reprinted with 
permission from the publisher. 
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Introduction 
Although sex chromosomes have evolved independently in diverse lineages of plants and 
animals, all sex chromosomes originate from autosomes and are shaped by a common set of 
evolutionary forces. The pivotal turning point in the evolution of sex chromosomes is the 
suppression of recombination in an autosomal region containing genes that control sex 
(Westergaard 1958; Bergero and Charlesworth 2009). Suppression of recombination fixes the 
sex determination loci, resulting in discrete sex types and the development of heteromorphic sex 
chromosomes. The absence of recombination in the Y (male heterogametic) or W (female 
heterogametic) sex chromosome relaxes purifying selection, subjecting the Y or W to the 
powerful degenerative effects of Muller’s ratchet (Muller 1964). The early stages of sex 
chromosome evolution are characterized by an increase in deleterious mutations and rapid 
expansion due to the accumulation of repetitive sequences (Bachtrog 2003; Bachtrog and 
Charlesworth 2002). Over time, deleterious mutations and repeat accumulation can lead to Y 
chromosome degeneration. 
Repeat accumulation is a common feature of Y chromosomes in animals (Steinemann and 
Steinemann 1992; Erlandsson et al. 2000) and has recently been documented in several plants, 
including hemp, Cannabis sativa (Sakamoto et al. 2000); liverwort, Marchantia polymorpha 
(Okada et al. 2001); white campion, Silene latifolia (Grant et al. 1994); and papaya (Liu et al. 
2004). The nascent sex chromosomes in papaya originated 7 MYA (Wang et al. 2012) and are in 
the early stages of evolution, with a dramatic expansion in size seen in the male-specific and 
hermaphrodite-specific region of the Y chromosome (MSY and HSY, respectively). The HSY is 
8.1 Mbp, significantly larger than the corresponding 3.5 Mbp X (Na et al. 2012). The HSY is 
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largely repetitive with 79.3 % repetitive elements compared to 67.2 % in the X (Wang et al. 
2012). Ty3-gypsy retrotransposons constitute the bulk of repeats, representing the causal agent of 
expansion. Among the repetitive elements found to accumulate in plant, sex chromosomes are 
organelle-derived DNA fragments. 
Organelle-derived sequences, collectively referred to as nuclear organelle DNA (norgDNA), are 
abundant in sequenced plant genomes and organelle to nucleus transfers are ongoing. Most 
norgDNA are less than 1 kb in length (Ricchetti et al. 1999; Mourier et al. 2001; Richly and 
Leister 2004) with several notable exceptions, including a 620 kb fragment of nuclear 
mitochondria DNA (NUMT) found on chromosome 2 in Arabidopsis (Lin et al. 1999; Stupar et 
al. 2001), and a 131 kb fragment of nuclear plastid DNA (NUPT) on chromosome 2 in rice (Rice 
Chromosome 10 Sequencing Consortium 2003). Early studies suggested that norgDNA is 
transferred to the nucleus via an RNA intermediate (Nugent and Palmer 1991), but recent 
evidence suggests that most norgDNA integrates into the nuclear genome by a non-homologous 
end-joining repair of double-stranded breaks (NHEJ-DSB repair) mechanism (reviewed in 
Leister 2005). The turnover of organelle-derived fragments is high, with an estimated 80 % of 
the NUPTs in the rice genome lost within a million years of integration (Matsuo et al. 2005). 
norgDNA has been found previously to accumulate in the Y chromosomes of Silene and 
liverwort (Kejnovsky et al. 2006; Yamato et al. 2007). Large fragments of NUPT have been 
found in sequenced bacterial artificial chromosomes (BAC) from Silene, but the largely 
unsequenced Y chromosome makes it impossible to accurately gauge the extent of NUPT 
accumulation (Kejnovsky et al. 2006). In contrast to Silene, the Y chromosome of liverwort 
contains hundreds of NUMT insertions, but only three NUPT insertions (Yamato et al. 2007). 
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The recently sequenced papaya X and HSY provide a unique opportunity to study the 
integration, shuffling, and fractionalization of norgDNA throughout the early stages of sex 
chromosome evolution. Here, we present evidence of a dramatic accumulation of norgDNA in 
the papaya HSY. Novel inserts absent from the X chromosome are abundant in the HSY and 
range in divergence times, with several occurring before the evolution of sex chromosomes. 
These results demonstrate the rapid expansion and accumulation of deleterious sequences as a 
result of suppressed recombination in the HSY. 
Results 
NUPT fragments preferentially accumulate in the HSY 
The papaya HSY, MSY, and X were recently physically mapped and sequenced using a 
reiterative BAC by BAC approach with individual BACs assembled into pseudo-molecules of 
8.1, 8.05, and 5.3 Mb for the HSY, MSY and X, respectively (Na et al. 2012). Only 3.5 Mb of 
the X corresponds to homologous regions in the HSY and MSY, with the remaining 1.8 Mb 
likely corresponding to the shared knob 1 structure which is unsequenced in the MSY and HSY. 
The assembled sex chromosome sequences were scanned for papaya norgDNA integrations 
using the papaya chloroplast and mitochondria genomes. 
NUPT integrations in the HSY are numerous, with 174 insertions totaling 93,824 bp, or roughly 
1.15 % of the HSY sequence (Table 3.1). The 93 kb of insertions encompass 36 % of the papaya 
chloroplast genome (58,320 unique bases). Integrations range in size from 75 to 4,517 bp with an 
average size of 481 bp. Nineteen of the insertions are larger than 1 kb, with several containing 
multiple complete chloroplast genes. The 1.15 % of NUPT integrations in the HSY is four times 
higher than the genome-wide average of 0.28 %. All but three NUPT integrations are shared 
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between the MSY and HSY, with the unshared fragments corresponding to small gaps in the 
MSY sequence. Furthermore, NUPT fragments have 99.5–100 % homology in the HSY and 
MSY, which is expected given the overall sequence homology of 99.8 % (Ming et al. 
unpublished). Because the HSY and MSY are nearly identical with respect to sequence 
homology and norgDNA content, further analyses were conducted using only the HSY sequence. 
In contrast to the HSY and MSY, the X chromosome contains only 40 chloroplast sequences 
totaling 9,546 bp, constituting 0.18 % of the total sequence, far less than the genome-wide 
average and the Y chromosomes. NUPT integrations are significantly less in the X, with a range 
of sizes from 75 to 814 bp (mean 180 bp). NUPTs have a range of 84–100 % match to the 
papaya chloroplast, with an average sequence identity of 92 % in both the HSY and the X 
chromosome. The variable matches to the chloroplast genome indicates that the fragments have a 
range of insertion times, with some predating the divergence of X and HSY and others occurring 
within the last 100,000 years. 
NUPT are unevenly distributed in the HSY and the X. Sequence divergence identified three 
distinct regions in the papaya sex chromosomes: two evolutionary strata and a collinear region 
(Wang et al. 2012). The evolutionary strata are represented by large scale inversions in the HSY 
and the collinear region has conserved gene content and structure in the HSY and X. Most of the 
norgDNA in the HSY is located in the two evolutionary strata and comparatively little is found 
in the collinear region. NUPT fragments represent 1.2 and 1.5 % of the total sequence in 
inversions 1 and 2, respectively; whereas only 0.1 % of the collinear region is NUPT (Table 3.2). 
NUMT integrations in the HSY show a similar pattern constituting 0.26 and 0.12 % of inversion 
1 and 2, respectively, and only 0.07 % of the collinear region. This contrasts the X chromosome, 
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where NUPT fragments are largely found in inversion 2 (representing 0.52 % of the sequence) 
and comparatively little is present in inversion 1 and the collinear region (0.15 and 0.14 %, 
respectively) (Table 3.2). NUMT fragments are evenly distributed on the X chromosome, 
representing 0.14, 0.18, and 0.10 % of the inversions and collinear region, respectively. 
Twenty-two (58 %) of the NUPT fragments in the X are conserved in the HSY. Shared NUPTs 
mirror the large scale inversions, translocations, and rearrangements seen between the X and 
HSY based on genic regions (Figure 3.1). The remaining 16 unshared fragments in the X have 
either been lost in the HSY or were incorporated after divergence. Only 11 % of the NUPT in the 
HSY are conserved in the X, suggesting the vast majority integrated after diverging 7 MYA. 
NUPT fragments are dispersed unevenly in the HSY forming distinct clusters, but are relatively 
uniform in the X (Figure 3.1). 
The HSY contains fewer NUMP fragments than the genome wide average with 16,458 bp (0.11 
%) in the HSY and 858,190 bp (0.31 %) in the genome. All of the NUMP fragments are shared 
between the HSY and MSY, totaling 16, 234 bp (0.11 %). The X region also contains fewer 
NUMT fragments in comparison to the papaya genome with 6,558 bp (0.12 %). NUMT 
integrations are larger in the HSY, ranging in size from 75 to 2,965 bp, in comparison to the 
range of 75–481 bp in the X. Like the chloroplast integrations, NUMT are evenly dispersed 
across the X and HSY, with only five integrations shared between the X and HSY (Figure 3.1). 
Dramatic amplification of rsp15 in the HSY 
Strikingly, a chloroplast fragment containing ribosomal protein 15 (rsp15) is amplified in the 
HSY 23 times. The total length of the fragment is 501 bp, with flanking, noncoding chloroplast 
sequence on both sides of the complete 276 bp rsp15 gene. The average estimated age of the 
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rsp15 insertions is 7 million years with individual estimates ranging from 5.8 to 8.9 MYA 
(supplemental Table 3.1); around the divergence of X and HSY. rsp15 fragments are dispersed 
evenly throughout the HSY and no copies are found in the X. A blast search against the papaya 
draft genome also revealed no hits, suggesting that the rsp15 fragment integrated into the proto-
HSY and proliferated, co-amplifying with surrounding retrotransposons. Intact Ty3-gypsy 
elements are found less than 1.5 kb upstream of most rsp15 sequences, suggesting possible 
retrotransposon-mediated duplication. 
Most of the norgDNAs integrated after the origin of sex chromosomes 
The estimated age of divergence is a valuable tool for discerning the origin of norgDNA in the X 
and HSY. A divergence time predating recombination suppression between the X and HSY 
reflects a fragment that originated elsewhere in the nuclear genome and later retrotransposed. 
norgDNA fragments younger than 7 million years likely represent direct transfers of norgDNA 
occurring after sex chromosome initiation. 
Molecular clock estimates are useful for dating norgDNA insertions, but are subject to varying 
levels of uncertainty based on the nuclear substitution rate used (Bromham and Penny 2003). 
Substitution rates vary substantially in plants largely due to a lack of plant fossil calibration 
points and lineage-specific rate variations (Koch et al. 2000; Zhang et al. 2002). The closest 
available nuclear substitution rate beings to Arabidopsis, which has a divergence rate of 7 × 
10−9 substitutions per synonymous site per year (Ossowski et al. 2010). Arabidopsis belongs to 
the closely related Brassicaceae family and was used previously to estimate the divergence time 
of the papaya sex chromosomes (Wang et al. 2012). 
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Dating is also complicated by the varied origin of norgDNA. Nucleotide substitutions between 
norgDNA and the modern day organelle genomes can be divided into two types based on their 
origin. Type 1 mutations are more difficult to distinguish and represent differences between the 
ancient and modern organelle genomes. Type 2 mutations represent substitutions that occurred 
between the norgDNA and organelle genome after integration into the nucleus and are, thus, 
more suitable for estimating divergence time. The only way to accurately discern between type 1 
and 2 mutations is by comparisons of the near identical inverted repeat regions (IR) in the 
chloroplast genome. Substitutions common to both IR segments likely represent differences 
between the ancient and modern chloroplast, as the chance of randomly mutating the same base 
in both regions is negligible. Making this distinction in the X and HSY is impossible, as no 
fragments contain both IR regions. Thus, both type 1 and type 2 mutations were used to estimate 
divergence. 
Divergence times of norgDNA vary extensively from 0 (no synonymous substitutions) to over 14 
million years, with no clear pattern in the X or HSY (Figure 3.2). Seventy percent of the NUPT 
fragments in the HSY integrated after sex chromosome emerged, as they have 63 % of the 
NUMT fragments. A similar trend is seen in the X, with 66 % of the NUPT and 57 % of the 
NUMT fragments integrating after X and Y divergence. This suggests that most fragments arose 
directly from the organelle genomes, with the remaining minority translocating from the 
autosome. 
Discussion 
The transfer of organelle genome sequences to the nuclear genome is a continually ongoing 
process in plants (Timmis et al. 2004), with evidence of recent large insertions in rice and 
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Arabidopsis (Lin et al. 1999; Rice Chromosome 10 Sequencing Consortium 2003). The rate of 
NUPT integration in plant genomes is astonishingly high based on experimental data from 
tobacco, suggesting an elimination mechanism in effect to counterbalance this accumulation 
(Huang et al. 2003). An elimination mechanism is clearly present in rice, as NUPT integrations 
in the rice genome are quickly shuffled, translocated, and eliminated; 80 % of the insertions are 
discarded within one million years. But how is the elimination process affected when 
recombination and purifying selection are suppressed, as is the case with sex chromosomes? 
The papaya HSY and MSY, likely through recombination suppression, are accumulating NUPT 
at a rate 4 times the genome wide average and nearly 12 times the average in the corresponding 
X region. Furthermore, conserved norgDNA is sparse between X and HSY, with only 11 and 12 
% of the chloroplast and mitochondria fragments conserved, respectively. The remaining 
norgDNA was either integrated after the inception of sex chromosomes or existed in the proto-X 
and Y and was eliminated from one of the sexes. A similar accumulation of norgDNA is seen 
with NUMT in the human Y chromosome (Ricchetti et al. 2004) and NUPT in the Y 
chromosome of Silene (Kejnovsky et al. 2006). The accumulation of NUPTs in papaya has 
contributed to the dramatic expansion and repeated accumulation seen in the HSY and is likely 
indicative of the early stages of Y chromosome degeneration. 
NUPT and NUMT presumably integrate into the nuclear genome using the same mechanisms 
and are equally prevalent in the papaya genome, each constituting 0.3 % of the genome 
sequence, which rules out the possibility of massive translocations of previously integrated 
organelle DNA from the autosome to the HSY. The four times higher rate of chloroplast DNA 
integration into the HSY have occurred mostly after the divergence of the sex chromosomes, an 
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observation supported by the short divergence time (less than 7 MYA) of most chloroplast 
fragments. 
Organelle fragments have been found to preferentially integrate in the pericentric regions of 
chromosomes in rice (Matsuo et al. 2005). The HSY and its X counterpart are pericentric with 
perhaps higher organelle DNA content before the sex chromosomes diverged. However, the X 
chromosome has lower organelle DNA content than that of the genome average, the opposite of 
what would be expected. The X chromosomes are recombining in female meioses, but not male 
meioses, and selection in the X chromosome is less efficient than that of the autosomes. 
However, lower DNA sequence diversity in the X chromosome than genome wide average was 
observed in papaya (Weingartner and Moore 2012), and the same mechanisms might explain for 
the lower organelle DNA content. 
Surprisingly, NUPT are 12 times more numerous than NUMT in the HSY. This sharply contrasts 
the Y chromosome in liverwort, which contains hundreds of NUMT, but only three plastid 
insertions (Yamato et al. 2007). In rice, NUPT preferentially integrates in the pericentric regions 
of chromosomes (Matsuo et al. 2005), possibly explaining the abundance of chloroplast 
sequences in the pericentric HSY. This does not explain, however, the lack of chloroplast 
integration in the X. Proximity to the centromere may help the NUPTsto accumulate, and the 
lack of recombination and purifying selection prevents them from being eliminated in the HSY. 
Sequencing of additional plant sex chromosomes will shed more light on this question. 
norgDNA in the papaya sex chromosomes has diverse origins, as demonstrated by their range in 
divergence times and close proximity to retroelements. norgDNAs can be broken into two 
distinct classes based on their origin. The first class represents novel DNA insertions originating 
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directly from the organelles. These fragments must be younger than the sex chromosomes 
(unless they are conserved between the HSY and X). Any non-conserved fragments predating 
sex chromosome inception likely originated in the autosome and were transposed sometime later. 
We can see direct evidence of retrotransposon-mediated duplication in the 23 nearly identical 
501 bp rsp15 fragments scattered throughout the HSY. These fragments have at least 98 % 
identity to each other, but around 90 % identity to the chloroplast genome. The rsp15 fragment is 
likely integrated from the chloroplast to the protoY in proximity to an active Ty3-gypsy 
retrotransposon (Figure 3.3). Full length transcription of the active retrotransposon co-amplified 
the rsp15 fragment at least 23 times throughout the HSY. This duplication and proliferation 
made the rsp15 fragment one of the most abundant repeats in the HSY. Intact retrotransposons 
are found less than 1.5 kb upstream of most rsp15 fragments, and retrotransposons at the 
remaining sites have likely been lost or fragmented. Ongoing repeat integrations, translocations, 
and inversions quickly fragment repeats in the HSY, complicating their identification and 
annotation. This process provides direct evidence of retrotransposon-mediated gene duplication 
and repeat accumulation in Y chromosome evolution. 
The young sex chromosomes of papaya serve as a useful model for characterizing the early 
stages of sex chromosome evolution. Sex chromosomes from mammals are ancient and highly 
divergent; tracing the events that lead to their inception and shaped their divergence is 
impossible. The papaya HSY has ballooned in size to 8.1 Mb, three times larger than the X and 
already shows early signs of degeneration with dramatic changes in gene content and a higher 
proportion of pseudogenes (Wang et al. 2012). Because of their suppressed recombination, Y 
chromosomes have relaxed purifying selection and begin to accumulate deleterious mutations 
soon after they arise. The high repeat content and newly discovered organelle DNA 
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accumulation presented here are likely the contributing factors to the degeneration and dramatic 
expansion seen in the HSY. norgDNA has a high turnover rate in plant genomes (Huang et al. 
2003), but is widely dispersed in the HSY, reflecting the need for recombination to shuffle and 
eliminate promiscuous DNA. 
 
Methods 
Identification of organelle-derived sequences 
The BLAST algorithm (Altschul et al. 1990) was used to search the recently sequenced papaya 
HSY, MSY, and X for NUMT and NUPT integrations. Complete sequences of the papaya 
(Carica papaya) chloroplast and mitochondria genomes used for the analysis were retrieved from 
GenBank (accession numbers EU431223 for the chloroplast genome and EU431224 for the 
mitochondria genome). norgDNA matches longer than 75 bp and e-values less than 1e−10 with 
>80 % homology are included in the analyses. Results were manually searched to remove any 
overlap or redundancy. Abundance, distribution, and conservation of norgDNA were plotted 
using Circos software (Krzywinski et al. 2009). 
Estimated divergence times of norgDNA 
Substitutions per nucleotide site (K) between the norgDNA fragments and the organelle genomes 
were calculated from the BLAST alignments and corrected using one-parameter methods (Jukes 
and Cantor 1969). Nucleotide differences between the norgDNA and modern day organelle 
genomes can be divided into two types based on their origin. Type 1 mutations represent 
differences between the ancient and modern chloroplast, and type 2 mutations represent those 
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that occurred between the norgDNA and organelle genome after integration into the nucleus. The 
only way to accurately discern between type 1 and 2 mutations is by comparisons in the inverted 
repeat regions. Substitutions common to both IR segments likely represent differences between 
the ancient and modern chloroplast, as the chance of randomly mutating the same base in both 
regions is negligible. Making this distinction in the X and HSY is impossible, as no fragments 
contain both IR regions. Thus, both type 1 and type 2 mutations were used to estimate 
divergence. Divergence times were calculated using (K) obtained as described above and 
methods from (Li 1997) with a substitution rate of 7 × 10−9 substitutions per synonymous site 
per year (Ossowski et al. 2010). 
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Tables 
Table 3.1. NorgDNA statistics in the papaya HSY, MSY and X 
  Chloroplast Mitochondria 
  
number of 
insertions 
sequence 
length (bp) 
% of total 
sequence 
number of 
insertions 
sequence 
length (bp) 
% of total 
sequence 
HSY 174 93,824 1.15 52 16,458 0.2 
MSY 171 91,145 1.14 52 16,234 0.2 
X 40 9,546 0.11 28 6558 0.12 
Genome wide* 3,330 785,954 0.28 3,378 858,190 0.31 
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Table 3.2. Norg DNA in the evolutionary strata and collinear regions 
  
Total length of 
insertions (bp) 
Size of 
region 
% of total 
sequence 
Total length of 
insertions (bp) 
Size of 
region 
% of total 
sequence 
  NUPT HSY NUMT HSY 
Inversion 1 51800 4.3 Mb 1.20 11303 4.3 Mb 0.26 
Inversion 2 39377 2.7 Mb 1.46 3177 2.7 Mb 0.12 
Collinear 815 0.7 Mb 0.12 516 0.7 Mb 0.07 
  NUPT X NUMT X 
Inversion 1 3878 2.5 Mb 0.16 3493 2.5 Mb 0.14 
Inversion 2 4217 0.8 Mb 0.53 1452 0.8 Mb 0.18 
Collinear 692 0.5 Mb 0.14 516 0.5 Mb 0.10 
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Figure 3.1. Distribution and conservation of norgDNA fragments in HSY and X. Knob 
structures in the HSY are denoted in grey on the outermost ring. (A) Represents a heatmap of 
repeat element composition, gene blocks displaying lower repeat content. Sites of mitochondria 
and chloroplast insertions are shown in B and C respectively. Paired genes (shown in grey), and 
conserved mitochondria (green) and chloroplast (blue) insertions are linked based on position in 
D.  
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Figure 3.2. Estimated divergence times of organelle DNA insertions. Divergence times were 
calculated based on nucleotide differences between the modern papaya chloroplast and 
mitochondria genomes and the norgDNA.  
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Figure 3.3.  Mechanistic view of retrotransposon mediated duplication of NUPTs in the HSY. 
(A) A 501 bp NUPT containing rsp15 integrated into the papaya autosome or proto-HSY. A Ty3-
gypsy retrotransposon inserted upstream of the rsp15 fragment. (B) Read through transcription 
of the gypsy element co-amplified the NUPT followed by reverse transcription and second strand 
cDNA synthesis. (C)  The Ty3-gypsy element reintegrated into the HSY (D) The process 
repeated, amplifying the rsp15 fragment 23 times.  
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Chapter 4: Domestication of a Y chromosome in papaya 
Abstract 
Sex in papaya is controlled by a pair of nascent sex chromosomes with two slightly different Y 
chromosomes that distinguish males (XY) and hermaphrodites (XY
h
) from females (XX).  Here 
we use a BAC by BAC approach to sequence the male specific region of the Y (MSY) and use 
whole genome resequencing to characterize the forces shaping Y chromosome evolution. The 
MSY and hermaphrodite specific region of the Y
h
 (HSY) are highly similar with shared gene 
content and structure. The Y chromosomes form three distinct populations despite otherwise 
normal gene flow in the autosome. Molecular dating suggests the hermaphrodite Y chromosome 
is a product of human domestication about 4,000 years ago in Mesoamerica from a wild 
dioecious population now distributed into the north pacific region of Costa Rica. The fully 
sequenced AU9 MSY is not from the population that the HSY was domesticated, but from a 
population distinctly different from the three populations in Costa Rica. The papaya Y 
chromosomes have a higher diversity than the autosomal chromosomes, contrasting other young 
chromosome systems in plants and insects. The autosomal regions and male Y chromosome are 
evolving neutrally, but the HSY is experiencing strong positive selection due to a selective 
sweep during human domestication. This is the first case where human domestication resulted in 
the evolution of a new Y chromosome with novel functions which subject it to unique 
evolutionary constraints. The finding of the MSY population from which the HSY evolved will 
aid the identification of sex determination genes in papaya. 
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Introduction 
 Sex chromosomes evolve from autosomal chromosomes and are found in all major 
eukaryotic lineages (Ming et al 2011; Graves and Sherry 2001). The suppressed recombination 
that defines sex chromosomes subjects them to a unique set of evolutionary forces not 
experienced in the autosome (Bachtrog 2006; Bergero and Charlesworth 2009). Despite 
independent origins, the evolutionary forces that shape sex chromosomes are shared in plants and 
animals
 
(Ming et al 2011, Huges et al. 2012). Unlike the ancient sex chromosomes in mammals 
(Veyrunes et al. 2008), sex chromosomes in some species of plants, fish, and insects evolved 
more recently and provide insights into the early stages of sex chromosome evolution. For 
instance, the neo-Y chromosome of Drosophila miranda arose around 1 million years ago 
(MYA) and has already undergone considerable degeneration supporting the concept that genes 
advantageous to males undergo rapid evolution
 
(Bachtrog and Charlesworth 2002; Zhou et al. 
2012). The young Y chromosome of Silene latifolia evolved 10 MYA and has since expanded 
drastically to 570 Mb, 150 Mb larger than the corresponding X (Delph et al. 2010, Bergero et al 
2007). The papaya (Carica papaya L.) sex chromosomes are 7 million years old and the sex 
specific region of Y chromosome spans about 15% of the largest chromosome (Liu et al. 2004; 
Wang et al. 2012). Papaya has two slightly different Y chromosomes with the hermaphrodite-
specific region of the Y
h
 (HSY) and male-specific region of the Y (MSY) controlling 
hermaphrodites and males, respectively. The HSY and MSY have expanded to 8.1 Mb compared 
to the 3.5 Mb X corresponding region and has undergone significant changes in physical 
structure, repeat sequences, and gene content (Wang et al. 2012).  
Results 
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In any breeding system, papaya populations are either dioecious with 1/2 male and 1/2 
female plants or gynodioecious with 2/3 hermaphrodite and 1/3 female plants. Wild papaya is 
strictly dioecious, whereas cultivated papaya is predominantly gynodioecious though dioecious 
varieties exist. To understand the origin and divergence of HSY and MSY, complete sequencing 
of HSY and MSY is needed to provide the foundation for analysis of their evolutionary history. 
The papaya HSY has been sequenced previously (Wang et al 2012). Because of its pericentric 
location and consequently high repeat content, the papaya MSY was sequenced using a 
reiterative BAC by BAC approach. ‘AU9’, a dioecious papaya variety collected from Israel was 
chosen for sequencing. A physical map of the papaya MSY was constructed from the ‘AU9’ 
male Bacterial Artificial Chromosome (BAC) library (Gschwend et al. 2011) using probes from 
BACs in the HSY physical map. Candidate BACs were confirmed by a combination of PCR and 
BAC end sequences and gaps in the physical map were filled using chromosome walking (see 
methods). The MSY physical map consists of a minimum tiling path of 99 BACs with a 
combined non-overlapping length of 8.1 Mb. The MSY BACs were sequenced using 454 
sequencing technology to an average depth of 50X coverage for each BAC and assembled into 
contigs. Contigs were anchored using the HSY as a reference and gaps were filled with Illumina 
whole genome shotgun reads. HSY and MSY share 99.6% DNA sequence identity with 32,517 
polymorphisms, higher than the previous estimate of 98.8% (Yu et al. 2008). The MSY and HSY 
are collinear with the exception of an 8kb insertion in the MSY corresponding to a newly 
integrated Ty3-gypsy retrotransposon this transposon insertion is the cause of earlier 
underestimation of the sequence diversity between MSY and HSY from only one paired BAC.  
 Gene content, exon structure and gene order are conserved between the HSY and MSY 
regions (Figure 4.1A, B). Of the 94 transcription units annotated on the Y chromosomes, 28 
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(30%) are pseudogenes and 66 coding genes (70%). Forty-nine of the protein coding genes are 
shared with the X, the remaining 17 are Y specific. Of the 66 complete coding transcripts, 39 
(42%) share identical sequences between the HSY and MSY, seven genes (7%) have 
synonymous substitutions and 20 (21%) have non-synonymous substitutions (Figure 4.1C).  
 The high degree of sequence conservation between the HSY and MSY led to our 
assessment of Y and Y
h
 chromosome diversity in cultivated and wild papaya populations. We 
selected 12 commercial cultivars with diverse origins and agronomic traits and 24 wild papaya 
accessions collected from 10 populations across Costa Rica for whole genome resequencing. The 
commercial cultivars are gynodioceous and the wild accessions are dioecious. After filtering and 
aligning the reads to the papaya draft genome (Ming et al. 2008) and the HSY region (Wang et 
al. 2012) (see methods) we identified a total of 3,301,017 genome wide and 66,579 Y specific 
SNPs with an average sequencing depth of 15.6X for autosomes and 7.8X for the haploid Y 
chromosome. A vast majority of the Y SNPs are in intergenic regions, only 3885 lie in the 
coding regions. Of these, 3,685 are in introns and 180 are in exons. 107 SNPs are non-
synonymous, 69 are synonymous and 2 cause frame shift mutations in coding genes. The mean 
silent site nucleotide diversity (π) in the autosome is lower in cultivated papaya (0.0017) than 
wild papaya (0.0020) consistent with a loss in diversity due to genetic bottlenecks during 
domestication.  
 The Y specific SNPs were used to investigate the population structure of the Y 
chromosomes. Model based analysis, maximum likelihood phylogenetic reconstruction and 
principal-component analysis (PCA) all suggest three distinct subgroups of Y chromosomes: 
MSY1, MSY2, and MSY3, consistent with previous findings based on individuals in the same 
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populations (Weingartner and Moore 2012) (Figure 4.2b c,d). The MSY1 and MSY2 subgroups 
consist of 9 and 6 wild males respectively and have an overlapping geographic distribution 
(Figure 4.2a). The MSY3 group contains 9 wild males from 4 populations in the north pacific 
region of Costa Rica. This third population formed a cluster with all of the cultivated 
hermaphrodites (HSY), indicating that the hermaphrodite Y
h
 chromosome evolved from this 
population. There are 31,781 SNPs found in MSY1, 22,777 in MSY2, and 2,729 in MSY3 
compared with the HSYs. Hermaphrodites and males in the MSY3/HSY group are genetically 
homogeneous and tightly clustered suggesting recent divergence (Fig. 4.2b, d). This pattern 
contrasts the population structure observed in the pseudo autosomal region (PAR) of 
chromosome 1 which flanks the Y region and recombines normally. STRUCTURE analysis and 
clustering of the PAR shows two subgroups which separate the male and hermaphrodite lines 
and are uncorrelated with the Y chromosome subpopulation structure. The lack of population 
structure in the autosome suggests gene flow across wild papaya. Even within interbreeding wild 
populations we observe multiple diverse Ys, reflecting the suppressed recombination and 
reduced gene flow in the Y chromosome. Because of its suppressed recombination with the X 
and lethality of any YY genotype, the Y chromosome is transmitted clonally through paternal 
lineages; thus several Y chromosomes can exist in an otherwise interbreeding population. A 
highly structured subpopulation of Y chromosomes is also observed in Silene latofolia, where 
reduced gene flow prevents fixation of Y haplotypes (Irondide and Filotov, 2005). The Y 
chromosomes from different subgroups in papaya may provide selective advantages, preventing 
fixation of only one Y across the species. The fully sequenced ‘AU9’ MSY does not cluster with 
any of the Costa Rican Y populations and thus represents a highly diverged out-group (Figure 3).  
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 The males and hermahprodites in the MSY3/HSY subpopulation have a remarkably low 
level of population differentiation (Fst= 0.02) suggesting a very recent divergence. Of the 55,330 
polymorphisms found throughout the Y chromosome only 14,058 are found within the 
MSY3/HSY subpopulation; 2,729 polymorphisms are found only in hermaphrodites and 1097 
are found only in males. Even fewer polymorphisms co-segregate completely with sex types; 4 
of the hermaphrodite specific polymorphisms are found in all hermaphrodites and only 2 male 
specific polymorphisms are found in all males. Surprisingly none of the hermaphrodite or male 
specific SNPs are found in the coding region, suggesting that hermaphroditism may be controlled 
by changes in gene regulation such as small RNAs, upstream or downstream modifications, 
enhancers or epigenetic effects.  This is supported by changes in sex type during stress.  Carpel 
abortion is common in hermaphrodite flowers under cold stress and fruit development is 
sometimes seen in male trees (Storey 1976). To test if the HSY predates domestication we 
estimated the divergence time using a Bayesian approach in BEAST. A total of 105,953 coding 
sites across the Y chromosome were chosen for analysis. We used a strict molecular clock of 7e
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substitutions/site per generation from Arabidopsis and corrected it by a factor of 0.67187 to 
account for the slower molecular rate in papaya based on the At-gamma event (see methods). 
Applying this clock resulted in an estimated divergence of the HSY from the MSY3 about 4,000 
years ago, [95% highest posterior density (HPD) = 1,400-6,700 years ago], well within the time 
of origin of agriculture in Mesoamerica (Figure 4.3). The MSY1 group diverged 29,000 years 
ago (95% HPD= 24,600-34,510) and MSY2 diverged 36,000 years ago (95% HPD= 27,000-
42,840) from HSY, and both occurred well before the origin of agriculture about 10,000 years 
ago (Gupta 2004). We tested this new molecular clock with the MSY from ‘AU9‘ MSY and 
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found a divergence time of 66,000 years (95% HPD=54,600-78,540), similar to the 73,000 years 
reported previously (Yu et al. 2008).  
Suppressed recombination and a reduced effective population size (Ne) subject the Y 
chromosome to a unique set of evolutionary forces. Furthermore, if hermaphrodites are a result 
of human domestication, the HSY should be under selective constraints that distinguish it from 
the wild MSY and the autosomes. The nucleotide diversity (π) in the autosomes is slightly lower 
in cultivated papaya (0.0017) than in wild papaya (0.0020), which is consistent with a loss in 
diversity due to genetic bottlenecks and positive selection during domestication. Nucleotide 
diversity in the HSY (0.0026) and MSY (0.0071) is higher than in the autosome when effective 
population size (Ne) is taken into consideration (expected Ne= 0.25 autosome) (Figure 4.4a). 
This pattern of increased polymorphisms in wild males contrasts other plant young sex 
determination systems, where Y chromosomes typically have reduced diversity (Filatov et al. 
2001; Bachtrog and Charlesworth 2002; Qui et al 2010). Nucleotide diversity in the HSY is still 
three times lower than the MSY suggesting domestication of hermaphrodite varieties have 
reduced diversity.  
We used a Tajima’s D test to assess whether the diverse Y chromosomes are evolving neutrally. 
The mean Tajima’s D scores across the PAR region of chromosome 1 are close to 0 in males and 
hermaphrodites ( -0.017 and -0.154), suggesting the PAR region is evolving neutrally (Figure 
4.4b). The MSY region is also evolving neutrally, as it has a mean Tajima’s D score of 0.13. 
However, the HSY has a strongly negative Tajima’s D score (mean -1.26) indicating a recent 
population expansion following a genetic bottleneck or selective sweep. The high degree of 
genetic drift is also seen when comparing the population differentiation (Fst) between the HSYs 
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and the three MSY populations (including the MSY3/HSY population) (Figure 4.4c). Pairwise 
(Fst) comparisons between the HSY and males within the MSY3/HSY are low, with a mean 
value of 0.096. Comparisons between the other Y populations (MSY1 and MSY2) show a higher 
degree of separation, with mean Fst values of 0.491 and 0.297 respectively.    
Discussion 
 The presence of male Y and hermaphrodite Y
h
 chromosomes distinguishes papaya from 
other plant sex chromosome systems. Despite the sexual dimorphism between males and 
hermaphrodites, the MSY and HSY have a surprising degree of sequence conservation. They are 
almost entirely collinear and share the same gene content. The HSYs clustered tightly with 
MSY3 of wild males from the north pacific region of Costa Rica. The near sequence homology 
between the MSY3 and HSY prompted us to revisit a hypothesis that papaya hermaphroditism is 
a product of human domestication in early Mesoamerica (Storey 1976), which was refuted 
previously based on a relatively small data set (Yu et al. 2008). Using BEAST and a modified 
molecular clock from Arabidopsis, we dated the divergence of the HSY and the closest MSY to 
around 4,000 years, well after the origin of agriculture in Mesoamerica about 8,000 to 10,000 
years ago (Gupta 2004) . Papaya was introduced to western civilization by Spaniards in the early 
16
th
 century (Morton 1987), but papaya was domesticated by Mayan in Mesoamerica (Fuentes 
and Santamaria 2013). The fact that no hermaphrodite papaya was found in wild populations in 
Central America strongly suggests that HSY resulted from papaya domestication by the Mayans 
and other indigenous cultures as previously proposed (Storey 1976). 
 Because dioecious ‘AU9’ was previously used as the representative of male Y for 
comparative analysis with the hermaphrodite Y chromosome, our finding that‘AU9’ is a distant 
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out-group from the MSY3 population from which the HSY evolved warrants shifting our focus 
from the AU9 MSY to the MSY3 HSY for identifying the sex determination genes. This shift to 
the MSY3 HSY expedites identification of the sex determination gene by not needing to consider 
non-synonymous mutations in coding sequences. Non-synonymous mutations identified between 
the ‘AU9’ MSY and the HSY are not involved in sex determination, as none of these are found 
between MSY3 and HSY. The lack of non-synonymous mutations also suggests that additional 
populations of MSY are likely to exist in central America so that additional sampling of MSY 
wild accessions from the Yucatan peninsula in Mexico to Nicaragua bordering Costa Rica would 
reveal the origin of the AU9 MSY population. 
 Because of human domestication, the HSY should be evolving under selective constraints 
not experienced in the autosome or in the MSY. The MSY and autosome appear to be evolving 
neutrally, but the HSY has on average strongly negative Tajima D scores suggesting a recent 
population bottleneck or selective sweep. The effective population size of the HSY was likely 
reduced to 1 during early domestication, as the result of a rare male to hermaphrodite sex 
reversal plant mutation on the Y. These selective constrains distinguish the HSY from the MSY 
and autosome, and distinguish papaya sex chromosome evolution from other systems.  
Methods 
AU9 MSY sequencing and assembly  
Each MSY BAC clone in the minimum tilling path of the physical map was fully sequenced 
utilizing 454 sequencing technology through the Keck Center at University of Illinois Urbana-
Champaign. After quality trimming, the reads were assembled into contiguous sequences using 
gsAssembler (Roche) with default settings. The assembled contigs (N50 35kb) were anchored to 
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the HSY reference and gaps were filled using a reference guided assembly approach with whole 
genome shotgun reads from “AU9’ in CLC Genomics Workbench version 5.1 under default 
settings (CLC Bio). The ‘AU9’ MSY was annotated based on homology to genes in the HSY and 
CpGAT, and RT-PCR was used to verify annotations. 
MSY and HSY alignments and synteny 
The MSY and HSY synteny analysis and dot plot comparison were performed by the program 
SyMAP using the default setting (Soderlund et al. 2011). Global chromosome similarity 
alignments were performed using the genome alignment tool Mauve with the default setting
 
(Darling et al. 2004). 
Whole genome resequencing alignment and SNP calling 
24 wild male papaya plants from 10 diverse natural populations across Costa Rica and 13 
gynodioecious cultivars from the USDA tropical plant germplasm collection in Hilo Hawaii were 
chosen for analysis. Libraries were sequenced on an Illumina HiSeq 2500 generating 2.8 billion 
100bp Illumina reads for the 36 accessions (12 cultivated hermaphrodites and 24 wild males) 
representing an average of 15.6X coverage for autosomal loci and 7.8X coverage for the X and Y 
chromosomes. Reads were aligned to the papaya draft genome sequence (Ming et al. 2008) and 
the HSY pseudomolecule (Wang et al. 20012) using the Burrows-Wheeler Aligner (Li and 
Durbin 2009) under strict alignment parameters. SNPs and InDels were called using the 
SAMtools package (Li et al. 2009). 
Population analysis 
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The population structure of the Y chromosomes and chromosome 1 was determined using the 
program STRUCTURE (Falush et al. 2003). The number of clusters (K) to infer the population 
structure was determined using the methods outlined in  Evanno  et al 2005. 
Dating HSY divergence 
The divergence time of the HSY was calculated using a modified Arabidopsis molecular clock  
(0.0168 substitutions/synonymous site/million years, see additional methods) in the Bayesian 
Analysis program BEAST (v1.8.0) (Heled et al. 2010). A total of 105,953 coding sites across the 
Y chromosome were used for BEAST analysis.  
Population genetics analyses 
Y specific SNPs were classified as noncoding, synonymous or nonsynonymous based on the Y 
gene annotations reported in Wang et al. 2012 using the program SNPeff (Cingolani et al. 2012). 
Standard population genetics statistics including nucleotide diversity (π), Fst, and Tajima D were 
calculated in sliding windows of 100 kb with 25kb overlap using a suite of programs in 
SAMtools (Li et al. 2009). Nucleotide diversity and Tajima D were calculating within the wild 
papaya and cultivated papaya. Fst was estimated using pair wise comparisons of the HSY against 
the MSYs from the MSY3/HSY subgroup, MSY1 and MSY2. 
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Figures 
 
Figure 4.1. Sequence conservation between the HSY and MSY. (a) Colinearity of genes in the 
MSY against HSY and X in papaya. Red lines denote X-Y
h
-Y paired genes. Blue lines denote Y 
chromosome specific genes. The heterochromatic knob structures are in yellow. (b) dot plot of 
synteny between the HSY and MSY showing near complete colinearity. (c) Visualization of gene 
annotation in the MSY. 66 of the genes are protein coding and 28 are pseudogenes. Of the 
coding genes, 39 are identical, 20 have non-synonymous mutations, and 7 have synonymous 
mutations.  
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Figure 4.2. Population structure of the papaya Y chromosomes. (a) Geographic distribution of 
the wild papaya in Costa Rica. MSY1 is shown in brown and MSY2 is shown in orange. MSY3 
population is shown in blue and circled, marking the population that the HSY evolved from. All 
MSY accessions have GPS coordinates, but some individuals have overlapping GPS coordinates, 
resulting the appearance of fewer sites than the number of samples. (b) Principal Component 
Analysis (PCA) based on all 58,000 Y specific SNPs/InDels. The MSY3/HSY and MSY2 
clusters each have a very narrow distribution and the MSY1 population has wider yet still well 
defined cluster.  (c) Maximum likelihood phylogenetic tree based on the 58,000 Y chromosome 
SNPs using SNPhylo (Lam et al. 2010).  (d) Population structure analysis using STRUCTURE 
(Falush et al. 2003) and plotted using distruct (Rosenberg 2004). Each accession is represented 
by a vertical bar and the length of each colored segment represents the contribution of each 
subgroup.
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Figure 4.3. Bayesian analysis of Y chromosome divergence times. The MSY1 subgroups is 
shown in yellow, MSY2 in red, and MSY3/HSY in blue. The ‘AU9’ MSY didn't group with 
cluster with any of the three populations in Costa Rica and formed an outgroup (in black). The 
MYS3/HSY subgroup split is highlighted in grey. Node lengths represent synonymous 
substitutions per site which were used with a corrected molecular clock to estimate divergence 
times.   
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Figure 4.4. Contrasting levels of divergence and diversification between the Y chromosomes 
and the autosome. All analyses are plotted in intervals of 100kb and a sliding window of 25kb. 
(a) Nucleotide diversity (π) within the wild male (MSY) and cultivated hermaphrodite (HSY) 
groups. (b) Tajima D values within the males and hermaphrodites. A line at 0 suggests neutral 
evolution (c) Pairwise Fst comparisons between the HSY and MSY1 subgroup (Beige), HSY and 
MSY2 subgroup (brown) and the HSY and males from the MSY3/HSY subgroup (dark grey).  
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Chapter 5: Selective sweeps and reduced nucleotide diversity in the X chromosome in 
papaya 
 
Abstract 
Sex type in papaya is controlled by a pair of primitive XY sex chromosomes. Natural 
populations are dioecious with males (XY) and females (XX) and cultivated papaya is 
gynodioecious with hermaphrodites (XY
h
) and females (XX). Here we use a whole genome re-
sequencing approach to assess the diversity, population structure, and selective forces acting on 
the X chromosome in papaya. Despite separate breeding systems of dioecy and gynodioecy, the 
X chromosomes are highly similar and cluster into a single group. This contrasts the two sub 
groups (gynodioecy and dioecy) observed in the autosome and three sub groups observed in the 
Y. The X chromosome has a tenfold reduction in nucleotide diversity compared to the autosome. 
This reduced diversity is caused by large scale selective sweeps and genetic bottleneck on the X.  
The low nucleotide diversity and strong selective sweep distinguish papaya from other sex 
chromosome systems. 
Introduction 
Sex chromosomes are found in all major eukaryotic lineages, and have evolved 
independently numerous times (Ming et al 2011; Graves and Sherry 2001). Despite their diverse 
origins, all sex chromosomes are presumably shaped by common selective pressures such as 
sexual selection and sex maintenance (Ming and Moore 2007; Bergero and Charlesworth 2009; 
Charlesworth et al.2005).  These selective pressures combined with unique evolutionary 
constraints distinguish sex chromosome evolution from autosomal evolution. The effective 
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population size (Ne) of sex chromosomes is reduced relative to the autosomes; X chromosomes 
have 3/4 and Y chromosomes have 1/4 the Ne of the autosome. Reduced population size of the X 
and Y, make sex chromosomes more susceptible to drift. Furthermore, recessive mutations that 
arise on the X or Y chromosome are fully exposed in the hemizygous male, subjecting them to 
stronger selective pressure.  The stronger selective pressure in males fixes beneficial recessive 
and deleterious mutations more efficiently in sex chromosomes, a phenomenon demonstrated by 
both theoretical and empirical research (Charlesworth et al. 1987; Rice 1984).  
Suppressed recombination between sex chromosomes further increases the effects of 
positive and purifying selection. Strong positive or purifying selection reduces neutral site 
variation around the selected loci through genetic hitchhiking or background selection 
respectively. Because of this, sex chromosomes and in particular Y chromosomes are expected to 
have reduced variation compared to the autosomal region. This phenomenon has been observed 
in the fruit flies Drosophila simulans and D. melanogaster where variation in the X chromosome 
is greatly reduced compared to the autosome (Begun et al. 2007; Macay et al. 2012). Reduced Y 
linked polymorphism has also been observed in Silene latifolia and Drosophila Miranda 
(Laporte et al 2005; Filatov et al 2000; Zhou and Bachtrog 2012).  
Sex type in papaya is controlled by a pair of primitive XY sex chromosomes 
differentiated by an 8.1 Mbp, recombinationally suppressed, hermaphrodite-specific or male-
specific region on the Y chromosome (HSY or MSY respectively) and its 3.5 Mb X counterpart. 
Natural populations of papaya are dieocous with males (X/MSY) and females (X/X) and 
cultivated varieties are gynodioecious hermaphrodites (X/HSY) and females (X/X).  The papaya 
sex chromosomes are evolutionarily young, with recombination suppression occurring 7 million 
years ago. Despite their young age, the HSY shows evidence of degeneration with changes in 
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gene content and an accumulation of repetitive elements (VanBuren and Ming 2013).  The 
incipient nature and rapid divergence of the X and HSY make papaya an excellent model for 
studying the early stages of sex chromosome evolution. The papaya sex chromosomes are also 
pericentric and highly heterochromatic, subjecting them to unique evolutionary constraints and 
reduced recombination (Zhang et al. 2008; Wai et al. 2013). 
Here we use a whole genome re-sequencing approach to assess the diversity, population 
structure, and selective forces acting on the X chromosome in papaya. Although the breeding 
systems of dioecy and gynodioecy are the X chromosomes are highly similar and cluster into a 
single group. This contrasts the two sub groups of gynodioecy and dioecy observed based on 
autosomal loci and three populations observed in the Y. The X chromosome has a tenfold 
reduction in nucleotide diversity compared to the autosome. This reduced diversity is caused by 
a large scale selective sweep and genetic bottleneck on the X.  The low nucleotide diversity and 
strong selective sweep distinguish papaya from other sex chromosome systems.  
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Results 
Polymorphism identification and annotation 
To explore the diversity, population structure, and patterns of evolution on the X chromosome, 
we selected 12 cultivated gynodioecious (hermaphrodite) and 24 wild dioecious (male) papaya 
collected from 10 natural populations in Costa Rica for whole genome resequencing. The 
cultivated papayas represent a diverse collection of commercial papaya varieties from around the 
world with variation in fruit quality, size, shape, color and disease resistance.  We generated a 
total of 1.26 billion paired end reads (126 Gb of sequence) for whole genome resequencing, 
representing an average coverage of 15.6X for autosomal loci and 7.8X coverage of the haploid 
X chromosome. After filtering, the reads were aligned to the X pseudomolecule (Wang et al. 
2012) and papaya draft genome using bwa (Li and Durbin 2009). SNPs and InDels were called 
using SAMtools with strict parameters. We identified a total of 12,555 SNPs and 718 small 
insertions/deletions (InDels) in the X region. The pseudo autosomal region (PAR) of 
chromosome 1 which flanks the X is more diverse, with a total of 193,621 SNPs and 23,825 
small InDels. Most of the X specific SNPs are intergenic (9,793) and only 65 are in the protein 
coding regions with 50 non-synonymous and 15 and synonymous substitutions. The low density 
of coding SNPs is not surprising given the highly repetitive nature of the X and the pericentric 
location. 700 SNPs are intronic, 818 are within 5kb upstream, and 1179 are within 5kb 
downstream. One low frequency InDel causes a codon deletion in a dioecious papaya accession 
and 2 low frequency SNPs cause nonsense mutations in three accessions. None of the protein 
coding SNPs segregate exclusively with breeding system (gynodioecious vs dioecious).  
Contrasting population structure in the X region and the autosome.  
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The papaya Y chromosome has a defined population structure that distinguishes it from the 
autosome. The Y chromosome is transmitted clonally, making it more susceptible to drift and 
bottlenecks. Wild male Y chromosomes fall into three groups with overlapping geographic 
ranges and the hermaphrodite Y clusters with a group of wild Male Ys from the North Pacific 
Region of Costa Rica. The observed population structure is presumably due to a lack of 
recombination, which prevents the exchange of alleles in otherwise interbreeding populations. 
We measured the population structure of the X and the autosome to assess whether breeding 
system (gynodioecious vs dioecious) or reduced recombination rates affect X chromosome 
structure.  A total of 217,446 high quality SNPs and InDels from the PAR flanking the X in 
chromosome 1 were used for population analysis. Maximum likelihood phylogeny shows the 
cultivated gynodioecious papaya cluster away from the dioecious lines (Figure 5.1 A).  Principal 
component analysis (PCA) also shows clear separation between gynodioecious and dioecious 
varieties (Figure 5.1 C). Two populations were identified using STRUCTURE (Falush et al. 
2003) and also cluster well with breeding system (Figure 5.1 E). Together this suggests there was 
little interbreeding following the split of gynodioecious papaya during human domestication.  
Maximum likelihood phylogeny, PCA and STRUCUTRE analysis all fail to show any 
population structure in the X region, contrasting the separation between gynodioecious and 
dioecious lines observed in the autosome (Figure 5.1 B,D,F). Phylogeny shows the 
gynodioecious Xs are closely related to dioecious Xs from the MSY2 and MSY3 Y 
subpopulations and two dioecious Xs (Cp96 and Cp112) cluster among the gynodioecious Xs 
(Figure 5.1 B).  Interestingly, the X chromosomes from Cp11 and Cp44 cluster as out-groups, a 
pattern not seen in the autosome or Y chromosome of these lines (Figure 5.1 B,D). With the 
exception of Cp11 and Cp44, the X region is genetically homogenous (Figure 5.1 F).  
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The Fst, a measure of population differentiation is also very low between the X chromosomes 
(Figure 5.2). The mean autosomal Fst between gynodioecious and dioecious papaya is 0.11 
compared to 0.05 between the Xs (Figure 5.2 A). This two fold average reduction in Fst indicates 
higher population similarity within the X chromosome. The X can be divided into three distinct 
regions: two evolutionary strata with inverted gene order relative to the Y and a collinear region 
with high sequence similarity and conserved gene order with the Y (Wang et al. 2012).  
Interestingly, the collinear region of the X chromosome has a high mean Fst (0.14) (Figure 5.2 B) 
perhaps reflecting the border of the sex chromosomes where the X and Y can recombine and 
fade into the PAR.  
The lack of population structure and genetic similarity of the X suggests either recurrent 
interbreeding between dioecious and gynodioecious varieties, or the presence of strong 
evolutionary forces such as a selective sweep or genetic drift. We can rule out introgression 
between dioecious and gynodioecious plants based on data from the autosome, and documented 
evidence that they rarely interbreed. Back crosses to wild plants in papaya breeding programs are 
used for introduce disease resistance genes and occasional gene flow from feral hermaphrodites 
to wild plants occurs. Therefore a combination of recent population bottlenecks and selective 
sweeps must have occurred in the papaya X.  
Reduced nucleotide diversity in the X region 
In addition to the population similarity, the X region also has reduced levels of nucleotide 
diversity (π) compared to the PAR. The nucleotide diversity in the PAR is slightly lower in 
cultivated gynodioecious papaya (0.0017) compared to wild dioecious papaya (0.0020), 
consistent with a loss in diversity during crop domestication (Figure 5.3). Nucleotide diversity in 
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the gynodioecious X is 0.0002 and π  is 0.00038 in dioecious papaya. When the effective 
population size of the X is taken into account (Ne= 0.75 of the autosome), the X has an over 
tenfold reduction in diversity compared to the autosome. This contrasts the nucleotide diversity 
pattern observed in the Y where diversity levels are higher than the autosome. The 
gynodioecious Xs have two fold lower diversity compared to the dioecious X which is likely a 
consequence of a low effective population size during papaya domestication.  
Recent selective sweeps in the X region 
A reduction in nucleotide diversity is a signature of selective sweeps and population bottlenecks. 
We employed several tests to identify recent selective sweeps that may have occurred in the X 
chromosome. Analysis of the site frequency spectrum (SFS) revealed an excess of rare alleles in 
the X chromosome compared with the autosome (Figure 5.4). SFS between the gynodioecious 
and dioecious X are not significantly different (ANOVA > P > 0.05). An excess of rare alleles 
can be due to a selectively neutral population bottleneck, multiple selective sweeps, or most 
likely, a combination of bottlenecks and selective sweeps as has been observed in rice (Caicedo 
et al. 2007).  A Composite likelihood ratio (CLR) utilizes population variation patterns to detect 
recent selective sweeps. The CLR test compares the spatial distribution of mutation frequencies 
and levels of variability among a population to test for evidence of a selective sweep (Kim et al. 
2002). A CLR test is sensitive to demography which is not a problem in this case since the X 
lacks a defined population structure. CLR tests were performed for variants in the X region and 
for the PAR of chromosome 1 (Figure 5A, B). The horizontal black line indicates the 5% cutoff 
value CLRcrit for the X region and for the PAR of chromosome 1. CLR values are higher in the X 
region (CLRcrit=2.3) than the PAR (CLRcrit=0.3) and the X region has more peaks, suggesting 
selective sweeps have occurred on the X. More peaks are observed in the evolutionary strata of 
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the X than the collinear region (P< 0.05, Fisher exact test), consistent with Fst data (Figure 5A). 
The collinear region is evolutionarily young and can still recombine with the Y. It is logical to 
suspect selective sweeps on the X chromosome would occur in the older regions.  
Discussion 
A smaller effective population size , reduced recombination rates, and exposure of recessive 
deleterious mutations in hemizygous  males subject the X to unique evolutionary constraints not 
experienced in the autosome or Y chromosome (Bergero and Charlesworth 2009; Charlesworth 
et al. 2005).  Two breeding systems are present in papaya: gynodioecy and dioecy, and 
individuals from the two breeding systems rarely interbreed. This is largely because gynodioecy 
is a product of human domestication, but feral hermaphrodite papaya can interbreed with wild 
dioecious populations. This separation is supported by population structure analyses based on 
autosomal loci. Maximum likelihood phylogeny, PCA analysis and STRUCTURE analysis 
clearly separate gynodioecious papaya and dioecious papaya into two distinct groups.  The Y 
chromosome has a distinct population structure from the autosome due to its clonal transmission 
and isolated nature. At least three separate groups of Y chromosomes are found in papaya, with 
one group containing the cultivated hermaphrodite Y and the male Ys it evolved from. The X 
chromosome can freely recombine in females (which are XX) suggesting the population 
structure should be the same as the autosome. Instead, the X chromosomes cluster in a single 
group, suggesting a recent population bottleneck or selective sweep has made the X 
chromosomes genetically homogenous. Not all of the X chromosomes are highly similar, two 
individuals (Cp11 and Cp44) have divergent X chromosomes that don’t cluster with the other Xs 
and have an excess of rare alleles.  
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The X region is easily distinguishable from the autosome, as it has a dramatic reduction in 
nucleotide diversity. The X has an overall tenfold reduction in nucleotide diversity compared to 
the autosome and cultivated lines having lower diversity than wild dioecious lines. This 
reduction in diversity however is not unique to papaya; reduced variation has been observed in 
the X chromosomes from humans and drosophila (Sachidanandam et al. 2001; Begun et al. 2007; 
Macay et al. 2012). Various combinations of purifying and positive selection account for the 
reduced variation in these sex chromosome systems, but are these same forces acting on the 
papaya X chromosome?  
CLR tests and SFS suggest recurrent selective sweeps and genetic bottlenecks have occurred in 
the papaya X chromosome. Selective sweeps have been observed in the young neo-X 
chromosomes of Drosophila americana and D. miranda and the X of D. simulans (Begun and 
Whitley 2000; Bachtrog et al. 2009; Evans et al. 2007). The young Y chromosome of Silene 
latifolia also high levels of rare and derived polymorphisms, consistent with a selective sweep 
(Filatov 2008). Selective sweeps are not seen in the ancient sex chromosomes of birds and 
mammals suggesting it may be a feature of early sex chromosome evolution.  
The strong effects of selective sweeps in papaya may be partially due to the unique nature of 
papaya sex chromosomes. The sex chromosomes are relatively small size pericentric, and 
heterochromatic. The papaya X chromosome is 3.5 Mb and only spans 15% of the otherwise 
recombining chromosome 1 (Na et al. 2012). The X is also highly repetitive and pericentric, and 
likely contains the centromere (Gschwend et al. 2012).  Pericentric regions in plants have 
reduced recombination rates which may speed the fixation of positive alleles during a selective 
sweep.  
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Methods 
Sample preparation and sequencing 
Wild male papaya plants were collected from ten dioecious populations around Costa Rica. 
Cultivated hermaphrodite (gynodioecious) papaya plants were collected from the USDA tropical 
plant germplasm collection in Hilo Hawaii. Fresh tissue samples from Costa Rica were dried on 
silica gel in the field and stored at -80C and fresh leaf tissue from cultivated varieties was 
collected from greenhouse grown plants and stored at -80C. Genomic DNA was extracted from 
young leaf tissues using the DNAeasy Plant Mini Kit (Qiagen, Valencia, CA). Paired-end DNA-
seq libraries with an average insert size of 400bp were made using the Illumina DNAseq kit 
according to the manufacturer’s instructions (Illumina) and sequenced on an Illumina HiSeq 
2500 at 100bp length.  
Read alignment and polymorphism identification 
A total of 1.26 billion paired end reads (126 Gb of sequence) were generated, representing an 
average of 15.6X coverage for autosomal loci and 7.8X coverage of the haploid X chromosome. 
Raw reads were filtered to remove low quality bases and trimmed for indexes prior to alignment. 
Clean reads were aligned to chromosome 1 from the papaya draft genome sequence (Ming et al. 
2008) and the X pseudomolecule (Wang et al. 2012). The Burrows-Wheeler Aligner (Li and 
Durbin 2009) was used for read alignment using strict alignment parameters. The average 
sequence homology of the X and Y is 94-95%, but genic regions and the collinear region have 
sequence homology <98%. To prevent the alignment of Y or autosomal reads to the X, strict 
alignment parameters were used including reducing the fraction of missing alignments (-n= 
0.015) and high mismatch penalty (-M). Alignments were manually visualized in Tablet (Milne 
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et al. 2013) and surveyed for Y specific and autosomal polymorphisms to ensure accurate read 
alignment.  
The SAMtools package (Li et al. 2009) was used for identifying SNPs and small InDels in the X 
region and the PAR region of chromosome 1. The raw file of unfiltered SNPs and InDels was 
generated using mpileup under default parameters from the sorted BAM file output from bwa. 
Variants were called using all of the individuals concurrently, verifying the accuracy of low 
frequency or low coverage SNPs/InDels. Low coverage and repetitive variants were removed 
from the raw vcf file if they had < 4 and < 20-60X coverage, depending on the coverage of each 
individual accession. Variants with a collective root mean square (RMS) and mapping qualities 
(PHRED scores) < 25 were removed from further analysis. SNPs in the coding region were 
annotated for amino acid substitutions using the papaya gene models (Ming et al. 2008) and X 
transcripts (Wang et al. 2012) using the program SNPeff (Cingolani et al. 2012). 
Population structure analyses  
Maximum likelihood phylogenies were generated using a total of 217,446 high quality variants 
from the PAR of chromosome 1 and 13,273 variants from the X chromosome using SNPhylo 
(Lee et al. 2014). SNPhylo is a highly automated package that aligns variants from a vcf file 
using MUSCLE and constructs a maximum likelihood phylogenetic tree using dnaml. Trees 
were visualized using the FigTree (v1.4). Population structure was determined using the same 
variants in the program STRUCTURE (Falush et al. 2003). The methods outlined in Evanno et al 
2005 were used to infer the number of clusters (K) in the population. STRUCTURE results were 
plotted in distruct v1.1 (Rosenberg 2004). The Principle component analysis was performed 
using the PCO software (https://www.stat.auckland.ac.nz/~mja/Programs.htm).  
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Population genetics analyses 
Fst was estimated using pair wise comparisons of the gynodioecious lines and dioecious lines in 
the program SFselect (http://bioinf.ucsd.edu/~rronen/selection_stats.html). Nucleotide diversity 
(π) was calculated in sliding windows of 100 kb with 25kb overlap using a suite of programs in 
SAMtools (Li et al. 2009). Folded Site Frequency Spectra (SFS) and CLR tests were conducted 
using SweeD which is based on the SweepFinder algorithm (Nielsen et al. 2005).  
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Figures 
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Figure 5.1. Contrasting population structure of the X region and the autosome. Gynodioecious 
(hermaphrodites) papaya are shown in blue and dioecious (males) papaya are shown in red. 
13,259 X specific and 217,446 chromosome 1 SNPs/InDels were used for all analyses. (a) 
Maximum likelihood phylogeny based on chromosome 1 polymorphisms constructed in 
SNPhylo (Lam et al. 2010). (b) Maximum likelihood phylogeny based on chromosome 1 
polymorphisms constructed in SNPhylo. (c) Principal Component Analysis (PCA) based on all 
chromosome 1 SNPs/InDels. The two distinct clusters separating male and hermaphrodite 
autosomes are circled in grey. (d) Principal Component Analysis (PCA) based on all X specific 
SNPs/InDels. The single cluster containing both males and hermaphrodites Xs is circled. The 
outliers Cp11 and Cp44 are labeled. (e) Population structure analysis of chromosome 1 using 
STRUCTURE (Falush et al. 2003). Each accession is represented by a vertical bar and the length 
of each colored segment represents the contribution of each subgroup. (f) Population structure 
analysis of the X region using STRUCTURE. Dioecious and gynodioecious Xs are in the same 
population.  
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Figure 5.2. Genetic distance (Fst) in the PAR and the X regions between dioecious and gynodioecious papaya. (a) Mean Fst values 
plotted in sliding windows of 100kb with step size of 25kb between gynodioecious and dioecious papaya lines. (b) Mean Fst values for 
the X region. The inversion 1 and 2 regions represent the two evolutionary strata with inversed gene order between the X and Y 
chromosome. The collinear region has conserved gene order between the X and Y with recombination returning along the border with 
the PAR.  
89 
 
 
Figure 5.3. Reduced nucleotide diversity in the X region. Nucleotide diversity (π) is plotted along chromosome 1 in sliding windows 
of 100kb with step size of 25kb. Gynodioecious diversity is plotted in red and dioecious diversity is plotted in blue.
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Figure 5.4. An excess of rare alleles in the X region based on site frequency spectra. The folded 
site frequency spectrum is plotted for variants in the X region (blue) and the PAR of 
chromosome 1 (red).  
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Figure 5.5. Evidence of selective sweeps in the X region. CLR tests were performed for variants 
in the X region (a) and for the PAR of chromosome 1 (b). The horizontal black line indicates the 
5% cutoff value CLRcrit for the X region (CLRcrit=2.3) and for the PAR of chromosome 1 
(CLRcrit=0.3). CLR values are higher in the X region and the X region has more peaks, 
suggesting selective sweeps have occurred on the X.  
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